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AcOH  Ácido acético 
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ESI  Ionización por electrospray 
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Fd  Modo fed-batch 
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IE  Intensidad de emisión 
IEO  Instituto Español de Oceanografía 
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PP-FBR  Fotobiorreactor tipo panel plano 
PUFA  Ácido graso poliinsaturado 
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Sc  Modo semicontinuo 
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SP  Simbiopolioles 
TOC  Carbono orgánico disuelto 
TSP  Sal sódica del ácido 3- (trimetilsilil) propiónico-2,2,3,3-d4 
TTMS  Tetraquis (trimetilsilil) silano 



















Variable  Definición Unidades 
    
Cb  Concentración de biomasa (g·L-1) 
De  Diámetro celular equivalente promedio (μm) 
do  Diámetro de la boquilla del burbujeador (mm) 
FL  Intensidad de autoflorescencia (-) 
FV/FM  Rendimiento fotoquímico máximo del fotosistema II (-) 
gc  Fuerza centrífuga (xg) 
H  Altura del cultivo (mm) 
hc  Altura de la suspensión (mm) 
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Pf  Productividad volumétrica (g·L-1·d-1) 
Q  Caudal de aire (L·m-1) 
SS  Dispersión lateral de la luz (-) 
tc  Tiempo de centrifugación (s) 
ts  Tiempo de sedimentación (s) 
V  Viabilidad celular (-) 
Vc  Volumen celular (μm3) 
vs  Velocidad superficial del gas (m·s-1) 
Yave  Irradiancia media diaria (μE·m-2·s-1) 
ηc  Eficiencia de separación (-) 
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La línea de trabajo seguida dentro de la presente investigación aborda aspectos concretos 
de etapas involucradas en el desarrollo de un bioproceso principalmente orientado a la 
producción sostenible de anfidinoles (APDs), un grupo de metabolitos secundarios producido 
por la microalga marina Amphidinium carterae (Infraphylum: Dinoflagellata; Clase: 
Dinophyceae). En el Capítulo 1 se introducen brevemente los temas en los que se enmarcan las 
actividades desarrolladas en esta memoria: 
(i) Aspectos más relevantes y una visión actualizada sobre las aplicaciones y limitaciones de la 
biomasa proveniente de microalgas. En la actualidad, la biomasa de microalgas tiene un gran 
atractivo debido a su potencial en una gran variedad de aplicaciones. Sin embargo, salvo un 
pequeño número de excepciones, la mayoría de los resultados no han logrado alcanzar el nivel 
comercial debido, fundamentalmente, a un costo no competitivo en la producción de 
bioproductos, en comparación con productos alternativos obtenidos a través de síntesis química, 
de otros microorganismos, o de materias primas fósiles.  
(ii) Consideraciones generales de los dinoflagelados. Las microalgas marinas pertenecientes a 
este grupo son productoras de una gran variedad de metabolitos secundarios con un amplio 
abanico de actividades biológicas. A. carterae es una fuente natural de APDs con potentes 





(iii) Aspectos generales para el desarrollo de un bioproceso a partir de dinoflagelados. Como 
sucede con las microalgas en general, a pesar del enorme potencial de los dinoflagelados, los 
procesos de producción basados en ellos para la obtención de bioproductos de alto valor, aún 
son claramente mejorables desde un punto de vista tecnoeconómico. Las limitaciones de 
suministro son un obstáculo importante para la investigación, el desarrollo de aplicaciones y la 
comercialización exitosa de estos bioproductos. El principal obstáculo para la producción de 
grandes cantidades de metabolitos secundarios de interés a partir de cultivos de dinoflagelados 
en fotobiorreactores a escala industrial es su alta sensibilidad al daño por esfuerzos de origen 
hidrodinámico.  
Esta investigación aborda cuellos de botella científicos y tecnológicos dentro de la 
estrategia de bioproceso aplicado a dinoflagelados marinos. En consecuencia, se divide en dos 
grandes áreas: la primera destinada a la producción y cosechado de la biomasa (upstream); y la 
segunda dedicada a la recuperación y purificación de los bioproductos (downstream). Por 
último, teniendo en cuenta las tendencias normativas actuales, un bioproceso a partir de 
dinoflagelados debe optimizarse económica y medioambientalmente utilizando el concepto de 
biorrefinería y reutilizando el medio de cultivo agotado para reducir el consumo de agua, 
nutrientes y la generación de residuos. Por último, las microalgas, en general, pueden ser unas 
herramientas útiles en la bioeconomía circular. Por ejemplo, pueden ser utilizadas en la 
depuración de efluentes de acuicultura u otros efluentes urbanos. 
En el capítulo 3, se describen brevemente las metodologías aplicadas para los procesos 
de producción y recuperación de la biomasa, para la purificación y análisis de los principales 
bioproductos de A. carterae, y los principales softwares utilizados en las publicaciones. 
En la Fig I, se resume esquemáticamente el trabajo realizado en esta tesis con A. carterae, 
que será desarrollado en el Capítulo 4. En él se recoge lo más relevante de las publicaciones 
incluidas en esta tesis. Se divide en seis subapartados, donde se agrupan las publicaciones en 
función de sus resultados más destacados. El Capítulo 4 es fiel a las publicaciones aportadas en 
esta tesis (ver ANEXO 1-PUBLICACIONES ORIGINALES). En él se ordenan y conectan los 
datos incluyendo pequeñas aportaciones sutiles que ayudarán a dar una visión global e integral 
de todo el trabajo realizado. 
Los resultados más relevantes obtenidos se pueden resumir en: 
i) Se caracterizó morfológicamente y se identificó genéticamente la estirpe Dn241EHU 
de la especie de microalga flagelada A. carterae; 
ii) Los procesos de fotoaclimatación no producen un efecto negativo sobre el 





una ventana operacional alrededor de Yave =100-400 μE·m−2·s−1, donde la velocidad máxima de 
crecimiento no se ve afectada; 
iii)  Se identificaron las condiciones de agitación óptimas para cultivar A. carterae en 
columnas de burbujeo. Esta especie es ligeramente más resistente que Karlodinium veneficum 
a la agitación, aunque, como suele ser común con la clase dinoflagellata, es mucho más sensible 
al cizallamiento que otras microalgas como N. gaditana; 
iv)  Se realizaron mejoras importantes en la composición del medio de cultivo. Por un 
lado, se comprobó que la formulación original del medio f/2 es totalmente deficiente en 
macronutrientes para alcanzar altas concentraciones celulares. Por otro, A. Carterae puede ser 
cultivada con diferentes fuentes de nitrógeno, combinadas o únicas en una amplia gama de 
concentraciones. Además, se pudo realizar la aclimatación con éxito hasta un porcentaje del 
100% de medio de cultivo reutilizado, pudiéndose realizar un mínimo de 4 subcultivos sin que 
se observen efectos inhibitorios en el crecimiento; 
v) Los cultivos en columnas de burbujeo de laboratorio pudieron escalarse con éxito 
hasta la escala planta piloto en un fotobiorreactor tipo columna de burbujeo (CB-FBR) 
iluminada con LEDs multicolor y con un volumen de cultivo de 80 L utilizando las condiciones 
determinadas en ii). La Pf volumétrica de biomasa alcanzó un valor de= 0,017 ± 0,001 g·L-1·           
d-1, mejorando los valores obtenidos a escala de laboratorio; 
vi)  Así mismo, se cultivó en un fotobiorreactor tipo raceway (RW-FBR), con 
iluminación LED y volumen de trabajo de 33 L, de forma ininterrumpida durante ~1 año. Es la 
primera vez que se referencia un cultivo tan robusto y longevo con dinoflagelados en un FBR 
tradicional. La máxima Pf volumétrica de biomasa obtenida fue de 0,048 ± 0,001 g·L-1·d-1, valor 
que es muy superior a los obtenidos a cualquier escala en esta tesis; 
vii) Se ha optimizado la operación de centrifugación discontinua para el cosechado sin 
provocar daño celular en A. carterae. La metodología desarrollada para identificar condiciones 
de operación seguras es extrapolable a otras líneas celulares sensibles; 
viii)  Se ha propuesto un proceso para purificar APDs a partir del sobrenadante del cultivo 
en la columna de burbujeo de escala piloto. La concentración en el sobrenadante del cultivo de 
luteophanol D, lingshuiol A y amphidinol 20 fue de 490, 191 y 152 µg·L-1; 
ix) En el cultivo realizado en el RW-FBR la concentración de APDs totales en la 
biomasa a lo largo del cultivo osciló entre 0,23-1,1% d.w. Los contenidos medios en la biomasa 





x) Se aplicó la novedosa técnica de análisis metabolómico mediante RMN acoplado a 
análisis de datos multivariados cuyos resultados sugieren que altos niveles de irradiancia y 
concentración de nutrientes favorecen la síntesis de APDs a costa de la generación de 
carbohidratos estando ambos, de alguna forma, relacionados. Además, se puso a punto un 
método de análisis cuantitativo con RMN de APDs; 
xi) El potencial biotecnológico de los APDs para su uso en la industria farmacéutica se 
fundamenta en su alta actividad hemolítica y antiproliferativa. Los resultados de las muestras 
de biomasa de A. carterae cosechadas presentaron una alta actividad hemolítica y 
antiproliferativa (<-80%) contra 4 líneas tumorales; 
xii) Se logró realizar un cultivo de larga duración reutilizando el 100% del medio de 
cultivo en el RW-FBR durante casi tres meses sin pérdida de productividad de biomasa o de 
biproductos de interés. Estos resultados son los primeros que se referencian con dinoflagelados; 
xiii) A. carterae potencialmente podría ser una microalga candidata para considerarse en 
la metodología de Acuicultura Multitrófica Integrada (IMTA), lo que ayudaría a la producción 
sostenible a media y gran escala de todas las moléculas de interés que produce (APDs, EPA, 
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The line of work followed within this research addresses specific aspects of the stages 
involved in the development of a bioprocess mainly oriented to the sustainable production of 
amphidinols (APDs), a group of secondary metabolites produced by the marine microalgae 
Amphidinium carterae (Infraphylum: Dinoflagellata; Class: Dinophyceae). Chapter 1 briefly 
introduces the topics in which the activities developed in this report are framed: 
(i) Most relevant aspects and an updated vision on the applications and limitations of 
biomass from microalgae. Nowadays, microalgae biomass is highly attractive due to its 
potential in a wide variety of applications. However, with a small number of exceptions, most 
of the results have not reached the commercial level, mainly due to a non-competitive cost in 
the production of bioproducts, compared to alternative products obtained through chemical 
synthesis, from other microorganisms, or fossil raw materials.  
(ii) General considerations of dinoflagellates. The marine microalgae belonging to this 
group are producers of a great variety of secondary metabolites with a wide range of biological 
activities. A. carterae is a natural source of APDs with potent antifungal, hemolytic and 
antitumor activities. 
(iii) General aspects for the development of a bioprocess from dinoflagellates. As is the 
case of microalgae in general, despite the enormous potential of dinoflagellates, the production 
processes based on them to obtain high-value bio-products are still clearly improvable from a 





application development, and commercialization of these bioproducts. The main obstacle to the 
production of large quantities of secondary metabolites of interest from dinoflagellate cultures 
in photobioreactors on an industrial scale is their high sensitivity to stress of hydrodynamic 
origin.  
This research addresses scientific and technological bottlenecks within the bioprocess 
strategy applied to marine dinoflagellates. Consequently, it is divided into two large areas: the 
first one devoted to the production and harvesting of biomass (upstream); and the second 
dedicated to the recovery and purification of bioproducts (downstream). Taking into account 
current regulatory trends, a bioprocess based on dinoflagellates must be economically and 
environmentally optimized using the biorefinery concept and reusing the depleted culture 
medium to reduce the consumption of water, nutrients and the generation of waste. Finally, 
microalgae, in general, can be useful tools in the circular bioeconomy. For example, they can 
be used in the treatment of aquaculture or other urban effluents.  
Chapter 3 briefly describes the methodologies applied for the biomass production and 
recovery processes, for the purification and analysis of the main bioproducts of A. carterae, and 
the main software used in the publications.  
In Fig I, the work carried out in this thesis with A. carterae, which will be developed in 
Chapter 4, is schematically summarized. It contains the most relevant results of the publications 
included in this thesis. It is divided into six subsections, where the publications are grouped 
according to their most outstanding results. Chapter 4 highlights the most relevant parts of the 
publications included in this thesis (see ANNEX 1-ORIGINAL PUBLICATIONS). In it, the 
data is ordered and connected, including small subtle contributions that will help to give a global 
and comprehensive vision of all the work carried out.  
The most relevant results obtained can be summarized as: 
i) The Dn241EHU strain of the flagellated microalgae species A. carterae was 
characterized morphologically and genetically identified; 
ii) The photo-acclimatization processes do not produce a negative effect on the growth of 
A. carterae. This species has shown great tolerance to light, presenting an operational window 
around Yave = 100-400 μE·m-2·s-1, where the maximum growth rate is not affected; 
iii) Optimal shaking conditions for cultivating A. carterae in bubble columns were 
identified. This species is slightly more resistant than Karlodinium veneficum to agitation, 
although, as is common with the dinoflagellata class, it is much more sensitive to shear than 





iv) Important improvements were made in the composition of the culture medium. On the 
one hand, it was found that the original formulation of the f/2 medium is totally deficient in 
macronutrients to reach high cellular concentrations. On the other hand, A. carterae can be 
cultivated with different nitrogen sources, combined or in a wide range of concentrations. In 
addition, it was possible to successfully acclimatize to a percentage of 100% of exhausted 
culture medium, being able to perform a minimum of 4 subcultures without observing inhibitory 
effects on growth; 
v) Cultures in laboratory bubble columns could be successfully scaled up to the pilot plant 
scale in a bubble column type photobioreactor (CB-FBR) illuminated with multicolor LEDs 
and with a culture volume of 80 L using the conditions determined in ii ). The volumetric Pf of 
biomass reached a value = 0.017 ± 0.001 g·L-1·d-1, improving the values obtained at the 
laboratory scale; 
vi) Likewise, it was cultivated in a raceway-type photobioreactor (RW-FBR), with LED 
lighting and a working volume of 33 L, uninterruptedly for ~ 1 year. It is the first time that such 
a robust and long-lasting culture has been referenced with dinoflagellates in a traditional FBR. 
The maximum volumetric Pf of biomass obtained was 0.048 ± 0.001 g·L-1·d-1, a value that is 
much higher than those obtained at any scale in this thesis; 
vii) The discontinuous centrifugation operation has been optimized for harvesting A. 
carterae without cell damage. The methodology developed to identify safe operating conditions 
is extrapolated to other sensitive cell lines; 
viii) A process has been proposed to purify APDs from the culture supernatant of the pilot 
scale bubble column. The concentration in the culture supernatant of luteophanol D, lingshuiol 
A and amphidinol 20 was 490, 191 and 152 µg·L-1; 
ix) In the culture carried out in the RW-FBR the concentration of total APDs in the 
biomass throughout the culture ranged between 0.23-1.1% d.w. The average biomass contents 
of EPA and peridinin make A. carterae a potential source of these bioproducts; 
x) The novel metabolomic analysis technique was applied by NMR coupled to 
multivariate data analysis. The results suggest that high levels of irradiance and nutrient 
concentration favor the synthesis of APDs at the expense of the generation of carbohydrates, 
both being, in some way, related. In addition, a quantitative analysis method by NMR for APDs 
was developed; 
xi) The biotechnological potential of APDs for use in the pharmaceutical industry is based 





carterae harvested showed high hemolytic and antiproliferative activity (<-80%) against 4 
tumor lines; 
xii) A long-term culture was achieved by reusing 100% of the culture medium in the RW-
PBR for almost three months without loss of biomass productivity or bi-products of interest. 
These results are the first to be referenced with dinoflagellates; 
xiii) A. carterae could potentially be a candidate microalgae to be considered in the 
Integrated Multitrophic Aquaculture (IMTA) methodology, which would help the sustainable 
production at medium and large scale of all the molecules of interest it produces (APDs, EPA, 
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Capítulo                                                                                
INTRODUCCIÓN 
 
1.1 Generalidades sobre las microalgas 
 Tradicionalmente, las microalgas se han usado en el sector de la acuicultura, 
principalmente como alimento de larvales y juveniles [1]. En la actualidad, la biomasa de 
microalgas tiene un gran atractivo debido a su potencial en una gran variedad de aplicaciones, 
Por otro lado, ha sido demostrada la aplicación de microalgas en el tratamiento de aguas 
residuales y eliminación de dióxido de carbono [2]. Igualmente, se ha estudiado ampliamente 
su potencial en la producción de biocombustibles (principalmente biodiesel) como alternativa 
a los combustibles fósiles [3]. Además, ha sido demostrada su potencialidad en la producción 
de numerosos compuestos de alto valor añadido, tales como ácidos grasos poliinsaturados, 
compuestos antioxidantes, vitaminas y moléculas con actividades antimicrobianas y 
antitumorales [4]. Sin embargo, la mayoría de los resultados no han logrado alcanzar el nivel 
comercial, debido a diversas limitaciones tales como: (i) tamaño de mercado pequeño; (ii) 
producción a un costo no competitivo, en comparación con productos alternativos obtenidos a 




través de síntesis química, de otros microorganismos (por ejemplo, hongos y bacterias) o de 
materias primas fósiles; y (iii) restricciones regulatorias más estrictas en términos de 
especificaciones de calidad, garantía de seguridad y minimización del impacto ambiental [5,6].  
No obstante, algunas aplicaciones prometedoras de las microalgas han conseguido 
progresar desde la investigación hasta la comercialización real. Por ejemplo, a principios de la 
década de 1960 comenzaron a comercializarse la proteína unicelular (SCP) o la biomasa rica 
en proteínas. Las aplicaciones dirigidas a alimentos y otros usos más beneficiosos para la salud 
aparecieron más tarde. Así, la producción de pigmentos de microalgas tuvo su auge en la década 
de 1980, a través del cultivo de Dunaliella sp. y Haematococcus sp. para la producción de β-
caroteno y astaxantina, como aditivos en alimentos o piensos. La producción de ácidos grasos 
poliinsaturados (PUFAs), principalmente ácido docosahexaenoico (DHA) y ácido 
eicosapentaenoico (EPA), comenzó a principios de la década de 1990, para su uso en la 
alimentación de la acuicultura y el enriquecimiento de productos nutricionales humanos.  A 
pesar de que algunos productos a base de microalgas tienen una tradición relativamente larga, 
la producción comercial a gran escala aún está en sus inicios. Las instalaciones comerciales 
para la producción de microalgas se encuentran dispersas por todo el mundo, mientras que la 
comercialización está dominada por América del Norte y Asia, siendo bastante escasa en 
Europa, África del Norte y Oceanía [7]. Dado que la mayoría de los productos basados en 
microalgas en la actualidad son intracelulares, la tasa de producción de biomasa y el 
rendimiento representan el criterio principal para determinar la viabilidad tecno-económica. La 
producción a gran escala de proteínas, carbohidratos y lípidos con microalgas no está prevista 
a corto plazo, debido a los altos volúmenes de producción necesarios, y a los todavía altos 
costos de producción comparados con otras fuentes alternativas [8]. Sin embargo, en estudios 
recientes se han aprovechado estrategias de biorrefinería y tratamiento de aguas residuales para 
aliviar los costos netos de procesamiento, al tiempo que se mejora la sostenibilidad de la 
producción de microalgas. La producción a escala industrial de productos a base de microalgas 
con un rol funcional surge como una gran oportunidad, teniendo en cuenta la gran cantidad de 
trabajo de investigación ya realizado. Esto puede respaldar un aumento en la participación del 
mercado en el segmento de las moléculas bioactivas, dominado hasta ahora por las moléculas 
sintéticas o por las moléculas extraídas de fuentes animales y vegetales. Igualmente, hay que 
tener en cuenta que los productos de alto valor añadido a partir de microalgas normalmente 
están destinados al consumo humano o animal, por lo que sus procesos de fabricación deben 
cumplir con una serie de regulaciones y estándares [6,8]. En la tabla 1.1. se muestran algunos 
ejemplos de aplicaciones comerciales con microalgas. 
 




Tabla 1.1. Ejemplos de aplicaciones comerciales de microalgas. Extraída de [7,9]. 
Microalga Producto Aplicación 
Arthrospira plantensis Ficocianina Alimentación/Piensos 
Chlorella vulgaris Luteína Alimentación/Piensos 
Dunaliella salina β-caroteno Alimentación/Piensos 
Haematococcus pluvialis Astaxantina Alimentación/Piensos 
Labosphaera incisa ARA Alimentación/Piensos 
Nannochloropsis s.p. EPA y DHA Alimentación/Piensos 
Euglena gracilis Paramilo y beta-1,3-glucano Alimentación/Piensos 
Phaeodactylum tricornutum EPA y Fucoxantina Alimentación/Piensos 
Spirulina maxima Proteínas  Nutracéutico 
Tetraselmis s.p Vitaminas Nutracéutico 
Porphyridium cruentum Carbohidratos Biocombustible 
Pavlova lutheri Esteroles Farmacéutico 
Aulosira fertilissima PHAs Plástico 
Por otro lado, algunas microalgas marinas, entre las que destacan las pertenecientes al 
grupo de los dinoflagelados, son capaces de producir metabolitos secundarios muy interesantes 
que han evidenciado un gran potencial farmacológico [10–17]. Además, debido a la resistencia 
de las células tumorales a los fármacos, la toxicidad significativa y los efectos secundarios 
indeseables observados con los fármacos sintéticos, existe la necesidad urgente de desarrollar 
nuevos fármacos antitumorales [18,19]. En la actualidad, se estima que más del 60% de los 
medicamentos contra el cáncer que se encuentran en el mercado son de origen natural [24]. 
Igualmente, existen varios compuestos naturales de origen marino que actualmente se 
encuentran en ensayos clínicos para tratamientos oncológicos [20–26]. En la Fig. 1.1, se puede 
observar cómo las microalgas se han revelado como una fuente de nuevos compuestos aislados 
en las últimas décadas. 
 
Figura 1.1. Número aproximado de nuevos compuestos aislados de diferentes fuentes de organismos marinos 
entre 1977 y 2016. Extraída de [27]. 




Las perspectivas de futuro para explotar y conseguir una producción rentable y sostenible 
de cualquier producto a partir de microalgas indican, que se debe optar por un enfoque de 
biorrefinería con un mejor aprovechamiento de la biomasa. Igualmente, para establecer una 
biorrefinería sostenible y económicamente viable, se deben desarrollar métodos de ruptura 
celular que minimicen la degradación de productos de interés, tales como proteínas y PUFAs 
[9].  Además, la ingeniería genética puede incorporar mejoras que impliquen que una microalga 
tenga mayor nivel de tolerancia frente a estrés; esto implicaría una mayor productividad y 
robustez en un bioproceso [28]. Con todo, la Fig. 1.2 podría servir para representar las etapas 
que, de forma genérica, conformarían un bioproceso destinado a la producción de productos de 
interés biotecnológico a partir de microalgas [28]: i) selección de cepas productoras de el/los 
compuestos/s de interés; ii) su cultivo en sistemas de cultivo abiertos y/o cerrados adecuados a 
cada especie; y iii) obtención de productos y potenciales aplicaciones. 
 
Figura 1.2. Resumen gráfico del desarrollo de bioprocesos a partir de microalgas y sus principales aplicaciones. 
Extraída de [28]. 
 
1.2. Dinoflagelados marinos. La especie Amphidiniun carterae 
Los dinoflagelados son un grupo de microalgas que ocupan un abanico 
extraordinariamente diverso de nichos ecológicos. Así, podemos encontrar especies marinas, 
de agua dulce, bentónicos e incluso en hielo marino [29]. Se han descrito más de 2.300 especies 
[30] de las cuales más de 180 son bentónicos marinos [31], 350 especies de agua dulce  [32] y 
el resto planctónicos. Su éxito se debe a un conjunto de estrategias funcionales y ecológicas que 
incluye la producción de compuestos químicos con un importante impacto en todo el 
ecosistema; incluyendo, aleloquímicos complejos y biotoxinas, que pueden acumularse en otros 
organismos, o metabolitos como el dimetilsulfoniopropionato (DMSP), cuya transformación 




biogeoquímica es vital en los ciclos de los elementos de la biosfera [33]. Además de los 
compuestos mencionados, los dinoflagelados producen compuestos de interés comercial, como 
el DHA. Así, la especie Crypthecodinium cohni se utiliza como fuente comercial de DHA, ya 
que es relativamente fácil de cultivar y crece bien de forma heterotrófica [34]. De los 
metabolitos secundarios producidos por dinoflagelados, los que se han estudiado con más 
detalle son los que producen las especies responsables de floraciones de algas nocivas (HABs); 
comúnmente llamadas biotoxinas. Estos compuestos pueden desempeñar diferentes funciones 
para los organismos productores, entre las que destacan la predación [35], función disuasoria 
ante depredadores [36–38] u osmorreguladoras [39,40]. Muchas especies de dinoflagelados 
expresan genes de las enzimas policétido sintetasas (PKS, del inglés) de tipo I y péptido 
sintetasas no ribosómicas (NRPS, del inglés). Las enzimas PKS y NRPS son enzimas de gran 
tamaño que participan de forma colaborativa co-linealmente en complejas reacciones 
metabólicas para generar una gran variedad de metabolitos secundarios [41,42]. Dichas enzimas 
son responsables de la síntesis de policétidos, y biotoxinas relacionadas, con potentes y variadas 
bioactividades [43–46]. Estos metabolitos, pueden utilizarse como compuestos base para ser 
mejorados (por ejemplo, con la modificación de su estructura), con el fin de reducir su 
toxicidad, aumentar la especificidad, mejorar la duración de la acción y la estabilidad de los 
compuestos y/o reducir los costes de producción [47]. En la tabla 1.2, se muestran ejemplos de 
patentes relacionadas con biotoxinas producidas por dinoflagelados que abarcan diversas 
aplicaciones biotecnológicas (ej. farmacéutica, antibacteriana y/o fungicida).  
Tabla 1.2. Ejemplos de patentes relacionadas con biotoxinas producidas por dinoflagelados. Modificada de [48]. 
Dinoflagelado Biotoxina Año Nº de la Patente 
Karenia brevis Brevetoxina 2018 US9902625B2 
Alexandrium s.p/Gymnodinium s.p./Pyrodinium s.p. Saxitoxina modificada 2017 US20170029431 
A. tamarense/Alexandrium s.p Tetrodotoxina/Saxitoxina 2017 US20170000797 
Amphidinium s.p APDs 2017 WO2017211998A1 
Alexandrium s.p/Gymnodinium s.p./Pyrodinium s.p. Gonyautoxina 2016 US20160000793 
Ostreopsis, s.p Palytoxina 2014 EP3087172 
Alexandrium s.p/Gymnodinium s.p./Pyrodinium s.p. Neosaxitoxina 2014 WO2014145580 
Amphidinium carterae APDs 2014 US8809034B2 
Gambierdiscus s.p. Gambierol 2012 US20120283321 
Gymnodinium selliforme Gymnodimina 2012 US20120245223 
Alexandrium s.p/Gymnodinium s.p./Pyrodinium s.p. Saxitoxina 2011 WO2010129864 
A. tamarense/Alexandrium s.p Tetrodotoxina, Saxitoxina 2007 WO2007096170 
Karlodinium s.p. Karlotoxina 2005 US2005/0209104 
Protoceratium reticulatum Yexotoxina 2003 US2005/0209104 
Desde un punto de vista biológico, los dinoflagelados pertenecen al reino de los protistas, 
son mayoritariamente unicelulares y se presentan en la naturaleza con una gran diversidad 
morfológica y funcional. En la Fig. 1.3a, se muestran las características estructurales principales 




de un dinoflagelado móvil [49]. Se caracterizan por tener un tipo especializado de núcleo 
denominado dinocarion [50]. Respecto a su morfología, son distintos de otros eucariotas en la 
estructura de sus flagelos, poseen dos flagelos diferentes que surgen de la parte ventral de la 
célula. Poseen un flagelo transversal en forma de cinta que produce múltiples ondas moviéndose 
hacia la izquierda de la célula, y uno más convencional, el flagelo longitudinal, que la impulsa 
desde la parte posterior. El movimiento flagelar produce propulsión hacia adelante y también 
hace girar las células [49]. Los dinoflagelados tienen una cubierta celular compleja llamada 
anfiesma, compuesta por una serie de membranas, vesículas aplanadas llamadas alveolos 
(vesículas anfismales) y estructuras relacionadas. Igualmente, se puede distinguir entre células 
formadas por alvéolos que contienen placas de celulosa, llamadas tecas, o sin ellas, que sirve 
para clasificarlos como tecados o atecados. Se han reconocido seis tipos básicos de tabulación 
(Fig. 1.3b) y estos se han utilizado para clasificar los taxones: gimnodinoide, suessoide, 
goniaulacoide, peridinioide, dinofisioide y prorocentroide [51]. 
  
 Figura 1.3. A) Esquema general de una célula de dinoflagelado móvil, donde se muestra sus características 
estructurales principales; B) Tipos de tabulación de dinoflagelados. Extraída de [49]. 
El dinoflagelado bentónico Amphidinium carterae pertenece al género Amphidinium de 
la familia Gymnodiniaceae. Es un dinoflagelado atecado y tiene forma de disco (longitud: 10-
20 µm; ancho: 9-13 µm) [52]. En los últimos 10 años, el interés en esta especie ha aumentado 
porque produce un interesante grupo de policétidos: anfidinólidos y anfidinoles (APDs) [53,54]. 
Los anfidinólidos son una familia de macrólidos con una actividad antitumoral particularmente 
alta que, actualmente, comprende más de 40 miembros y exhibe una amplia variedad de 
esqueletos carbonados que van desde 12 a 29 carbonos, con más de la mitad de ellos 
conteniendo un anillo de lactona impar [55]. Esta variedad estructural se ve incrementada por 
rasgos adicionales como la presencia de, al menos, un grupo exo-metileno y ramas de un 
carbono localizadas vecinalmente [54,56–59]. El primer APD fue descrito en 1991 a partir de 
cultivos de A. klebsii [60]. A diferencia de los anfidinólidos, esta familia abarca un conjunto 
B A 




creciente de compuestos abiertos de cadena larga que presentan potentes actividades 
antifúngicas y hemolíticas [60–62]. Estos policétidos en forma de horquilla se caracterizan por 
una unidad central, que consta de dos anillos de tetrahidropirano que están separados por una 
cadena C6, un brazo alquilo poliinsaturado (lipófilo) y un brazo polihidroxilo (hidrófilo) largo 
[63]. Hay varios subgrupos de la familia APD, comparten la misma unidad central, pero difieren 
en longitud y estructura del brazo lipófilo e hidrófilo; anfidinoles (APD), luteofanoles (LP), 
lingshuioles (LS), simbiopolioles (SP), karatungioles (KAR) y carteraoles (CAR) [64]. Por otro 
lado, los amdigenoles (AMD), que también pertenecen a los policétidos de cadena larga, ocupan 
una posición especial, ya que son formados por dos unidades centrales de APD, lo que lleva a 
suponer que son dímeros de APD [61]. 
Además de las bioactividades mencionadas anteriormente, los APDs también exhiben una 
fuerte toxicidad contra las diatomeas [65] y efectos aleloquímicos sobre microorganismos 
epífitos en los ecosistemas marinos, e incluso sobre micoplasmas. Como resultado, 
recientemente se ha patentado el uso de extractos enriquecidos en APDs para evitar el 
crecimiento de estas bacterias en cultivos celulares o de tejidos (patente nº US8809034B2), ver 
tabla 1.2, y como antifúngico en vid (patente nº WO2017211998A1), ver tabla 1.2. Se cree que 
la toxicidad antes mencionada contra los microorganismos surge de la capacidad de los APDs 
para interactuar con la bicapa de fosfolípidos, lo que da como resultado la permeabilización de 
la membrana [66–73]. En la Fig. 1.4, se muestra una ilustración esquemática del modo de acción 
de los APDs sobre la membrana celular. Se ha sugerido que esta actividad es independiente del 
grosor de la membrana y que depende del tamaño de la región polihidroxilo de los APDs [69]. 
Esto explicaría las diferencias de actividades hemolíticas y antifúngicas encontradas entre los 
APDs, donde las moléculas de cadena más larga presentan menos actividad [74]. En la Fig 1.4a, 
se ilustra el modo de acción de los APDs con la cadena de la región polihdroxilo más corta (ej. 
APD2, APD6 y APD7), se observa cómo es capaz de formar un poro en la membrana y penetrar 
en su interior. Sin embargo, en la Fig. 1.4b, se observa como los APDs con la cadena más larga 
(ej. APD20 y APD21) presentan más dificultades para penetrar en el interior de la membrana. 





Figura 1.4. Ilustración esquemática del modo de acción de los APDs sobre las membranas celulares: (A) Una 
cadena más corta en la región polihidróxilo favorece la penetración de la membrana (ej. APD7); (B) Una cadena 
de la región polihidroxilo más larga dificulta la penetración de una molécula de APD (ej.APD21). Extraída de 
[74]. 
 
1.3. Aspectos generales de un bioproceso a partir de dinoflagelados 
A pesar del enorme potencial de los dinoflagelados, los procesos de producción basados 
en ellos para la obtención de bioproductos de alto valor, aun son claramente mejorables desde 
un punto de vista económico [75]. La producción de policétidos a partir de dinoflagelados suele 
ser baja, lo  que aumenta el coste del procesamiento posterior debido a la necesidad de 
manipular grandes volúmenes de cultivo y compromete la viabilidad del bioprocesamiento en 
cuestión. Por tanto, la concentración del compuesto objetivo en el cultivo podría convertirse en 
el principal criterio para la selección de las cepas productoras. En esta línea, las especies del 
género Amphidinium son productoras de APDs, como se ha indicado en el apartado anterior. 
Por otro lado, dada la complejidad estereoquímica de los APDs, la baja disponibilidad natural 
y las marcadas bioactividades mostradas por estos metabolitos secundarios, se han considerado 
otras alternativas como la síntesis química [76,77]. Sin embargo, las rutas de síntesis utilizadas 
para su obtención son difíciles de aplicar industrialmente debido a su extensión y complejidad 
[76].  
El desarrollo de bioprocesos viables para producir APDs, así como otros compuestos 
bioactivos derivados de dinoflagelados, supone un reto para la biotecnología industrial [76]. 
Las limitaciones de suministro son un obstáculo importante para la investigación, el desarrollo 
de aplicaciones y la comercialización exitosa de estos bioproductos [48,76,78]. Uno de los 
principales obstáculos para la producción de grandes cantidades de este tipo de metabolitos a 
partir de cultivos de dinoflagelados en fotobiorreactores (FBRs) a escala industrial es su alta 
sensibilidad a los esfuerzos de origen hidrodinámico [76,79]. Los dinoflagelados, en general, 




pueden soportar niveles de esfuerzo cortante uno o dos órdenes de magnitud más bajos que los 
que soportan otras líneas celulares sensibles como la células animales o de plantas, y muy por 
debajo de los que se suelen desarrollar en biorreactores convencionales [76]. En la tabla 1.3, se 
muestran los valores de disipación de energía específica (EDR) que inhiben el crecimiento en 
diferentes dinoflagelados. Se puede establecer un rango de 0,011≤ EDR ≤10 cm2·s-3, donde 
generalmente se ha inhibido el crecimiento de dinoflagelados [76]. 
Tabla 1.3. Niveles de EDR que inhiben el crecimiento de diferentes órdenes de dinoflagelados. Extraída de [76]. 
Orden Microorganismo Inhibitorio EDR (cm2·s-3) 
Gonyaulacales Lingulodinium polyedrum 0,045 
Gonyaulacales Alexandrium fundyense 0,1 
Gonyaulacales Ceratocorys horrid 0,1 
Gonyaulacales Crypthecodi niumcohnii 0,1 
Gonyaulacales Protoceratium reticulatum 0,8 
Gonyaulacales Ceratium fusus 1 
Gonyaulacales Ceratium tripos 1 
Gonyaulacales Oxyrrhis marina 1 
Gonyaulacales Pyrocystisn octicula 1 
Gonyaulacales L. polyedrum 10 
Gymnodiniales Akashiwo sanguinea 0,011 
Peridiniales Heterocapsa triquetra 0,1 
Peridiniales Scrippsiella trochoidea 2 
Prorocentrales Prorocentrum micans 2 
Prorocentrales Prorocentrum triestinum 2 
Un bioproceso a partir de dinoflagelados se puede dividir en dos grandes secciones: la 
primera incluye etapas de producción y cosechado de la biomasa (upstream, US) y la segunda 
incluye etapas de recuperación y purificación de los bioproductos (downstream, DS). La Fig. 
1.5 recoge etapas más detalladas por las que es factible transitar en US y DS. Por ello, deben 
abordarse en detalle desde aspectos relevantes relacionados con la producción de biomasa, 
como la ingeniería y operación de los FBRs [80–85], hasta el procesamiento posterior de esta 
una vez cosechada hasta obtener un bioproducto [80]. 
En relación con el US, no existe un diseño de FBR adecuado para todas las aplicaciones 
posibles de las microalgas. En la tabla 1.4 se muestra una comparación entre un FBR cerrado y 
otro abierto así, cuando se desea un cultivo monoalgal, se prefieren los FBRs cerrados a los 
sistemas abiertos [86]. Los FBRs deben proporcionar la disponibilidad de luz y nutrientes 
necesaria a las células, esto depende de la mezcla y ésta de la agitación impuesta [86]. La 
agitación debe mantenerse siempre por debajo del umbral de tolerancia de esfuerzos cortantes 
de la microalga de interés [81]. Los FBR cerrados utilizados en los bioprocesos basados en 
dinoflagelados son típicamente del tipo columna de burbujeo (CB-FBR) o panel plano (PP-




FBR) [78,85,87,88], siendo estos sistemas muy compactos y con una alta relación 
superficie/volumen. Algunos estudios recientes han demostrado que, incluso, los 
dinoflagelados se pueden cultivar con éxito en CB-FBR a escala piloto con iluminación 
artificial con diodos de emisión de luz (LEDs) multicolor [88]. Este tipo de iluminación, debido 
a su bajo consumo energético, podría ser adecuada para maximizar la productividad de 
bioactivos de alto valor. A pesar de esto, los pocos estudios reportados sobre la iluminación 
basada en LEDs se han centrado principalmente en pequeños FBRs y no se ha prestado atención 
al posible escalado de estos sistemas. Los FBRs tipo raceway (RW-FBRs) se han utilizado en 
una amplia variedad de escalas para cultivar microalgas no dinoflageladas para diversas 
aplicaciones, y la gran mayoría de estos sistemas utilizan luz solar o iluminación interior 
convencional. Sin embargo, hasta donde sabemos, nunca se ha informado del uso de RW-FBRs 
para cultivar dinoflagelados.  
Tabla 1.4. Comparación entre un FBR cerrado y un FBR abierto. Extraído de [89]. 
Factor FBR cerrado FBR abierto 
Espacio requerido Moderado Alto 
Perdidas por evaporación Bajo Alto 
Eficiencia de burbujeo de CO2 Alto Bajo 
Mantenimiento Difícil Fácil 
Riesgo de contaminación Bajo Alto 
Calidad de la biomasa Reproducible Variable 
Entrada de energía para mezcla Alto Bajo 
Tipo de operación Discontinuo Discontinuo 
Coste de instalación Alto Bajo 
Igualmente, es de gran importancia optimizar la formulación del medio de cultivo, el 
modo nutricional y las variables abióticas, ya que tienen un gran impacto en el rendimiento del 
cultivo. Se ha demostrado que las formulaciones tradicionales de medios de cultivo 
microalgales son totalmente insatisfactorias para lograr una alta productividad de biomasa en 
dinoflagelados y en la síntesis de metabolitos secundarios de interés [90]. Aparte de una 
formulación óptima del medio de cultivo, existen estrategias para incrementar la síntesis de 
metabolitos bioactivos como la alelopatía o el uso de elicitadores adecuados [91]. También, se 
ha observado que las respuestas metabólicas a la agitación aumentan la producción de 
metabolitos, si los niveles de esfuerzo cortante se mantienen debajo de los niveles letales [92–
94]. 





Figura 1.5. Aspectos clave a tener en cuenta en las etapas de US y DS de un biobioproceso basado en 
dinoflagelados.  
A la hora de identificar respuestas metabólicas a condiciones de cultivo, o elicitadores de 
los biproductos de interés, es muy interesante la incorporación de nuevas técnicas, como por 
ejemplo la metabolómica comparativa. Esta puede proporcionar un conocimiento profundo de 
la composición de la biomasa microalgal y generar datos completos sobre sus redes 
metabólicas. Ofrece una oportunidad única para explorar de manera no dirigida los productos 
finales del metabolismo celular y, por lo tanto, para revelar la transición metabólica antes y 
después de la exposición a una variedad de condiciones ambientales y químicas. Dicha 
información es útil para establecer las condiciones de cultivo adecuadas para enriquecer y 
preservar la biomasa con ciertos metabolitos deseados, desviando el metabolismo hacia las vías 
deseadas o ralentizando las vías no deseadas [95,96]. Así, recientemente se ha demostrado la 
capacidad de la metabolómica de 1H-RMN para monitorear con éxito los cambios metabólicos 
de Isochrysis galbana cuando se varían las condiciones de cultivo, como la temperatura y la 
intensidad de la luz [97].  
La concentración de biomasa final en cultivos fototróficos es muy baja [98] y provoca 
que sea necesario manipular grandes volúmenes de suspensiones de algas en el procesamiento 
posterior. La recuperación de la biomasa del caldo se considera un paso crítico y se ha estimado 
que puede representar hasta el 30% del costo total del bioproceso [99]. Por lo tanto, la 
implementación de tecnologías y protocolos energéticamente eficientes y rentables para una 
separación y recuperación efectivas es imperativa. El cosechado de la biomasa de microalgas 
se basa en la reducción del contenido de agua de la suspensión tanto como sea posible. Un 































































proporcionaría un producto de biomasa con un peso seco elevado y necesitaría costes de 
energía, operación y mantenimiento reducidos. Aunque generalmente se acepta que no existe 
un método definitivo de cosechado altamente eficiente que pueda usarse con todas las cepas de 
microalgas, se acepta ampliamente que la centrifugación es el método más rápido, aplicable a 
la gran mayoría de microalgas y, en muchos casos, eficiente como proceso de separación de un 
solo paso [99,100]. Si bien, hay que tener en cuenta que, si los metabolitos de interés son 
intracelulares y las células son sensibles al estrés hidrodinámico, es primordial optimizar la 
etapa de centrifugación para minimizar las pérdidas de estas sustancias en el sobrenadante por 
rotura celular [101]. 
Las microalgas, en general, pueden ser elementos importantes para contribuir a la 
vehiculación de la bioeconomía circular. Por ejemplo, pueden ser utilizadas en la depuración 
de efluentes de acuicultura [102]. En los sistemas de acuicultura extensiva, los efluentes son 
ricos en nutrientes, que son altamente contaminantes si se liberan sin tratar en el mar. Las aguas 
residuales de acuicultura incluyen materia orgánica particulada, sustancias orgánicas, 
metabolitos disueltos como amoníaco, urea y dióxido de carbono, y el nitrógeno y el fósforo de 
los alimentos que no han sido consumidos por los peces. Sin embargo, uno de los principales 
problemas asociados con la descarga de efluentes de acuicultura parcialmente tratados o no 
tratados en cuerpos de agua naturales es la eutrofización causada por un exceso de nitrógeno y 
fósforo. Las floraciones de algas son evidencia de eutrofización en las aguas costeras. Los 
dinoflagelados, diatomeas, raphidofitas, primnesiofitas y silicoflagelados son los grupos de 
microalgas presuntamente responsables [103]. Esta capacidad de las microalgas para prosperar 
en aguas eutrofizadas es, probablemente, una de las razones subyacentes de su uso en estudios 
centrados en sistemas de reutilización y/o tratamiento de efluentes. En esta línea, se destacan 
los sistemas de biofloc (Tecnología Biofloc, BFT) [104–106]. Sin embargo, BFT aun tiene que 
superar desafíos importantes, ya que su aplicación a gran escala es limitada y la eliminación 
efectiva de los principales contaminantes es un problema sin resolver. Otras microalgas han 
proporcionado resultados interesantes en cultivos a escala de laboratorio [107]. Solo un estudio 
indicó el uso satisfactorio de un dinoflagelado marino para el tratamiento de aguas residuales 
municipales a escala de laboratorio [108], pero no en la acuicultura. Podría ser de interés 
explorar el potencial del uso de efluentes de la acuicultura para el cultivo de dinoflagelados 
marinos. 
Por último, teniendo en cuenta las tendencias normativas actuales, el bioproceso debe 
optimizarse económica y medioambientalmente utilizando el concepto de biorrefinería y las 
conclusiones de los estudios de huella hídrica del análisis del ciclo de vida [109]. La biomasa 
de dinoflagelados producida contiene cantidades significativas de otros compuestos de alto 




valor con aplicaciones comerciales [110], como pigmentos carotenoides [111] y ácidos grasos 
[110,112,113], que podrían recuperarse de manera eficiente para mejorar la economía del 
proceso [114]. También existe la necesidad de reutilizar el medio de cultivo agotado para 
reducir el consumo de agua y nutrientes y la generación de residuos [115,116]. El cultivo de 
microalgas es un proceso intensivo en agua en el que se requiere una adecuada gestión del 
consumo y las pérdidas de agua para reducir su impacto ambiental [117]. Dado que la mayor 
parte de la huella hídrica proviene del sistema de cultivo, la máxima cantidad posible de medio 
agotado debe recuperarse y reciclarse para su posterior reutilización. Además, se perdería una 
gran cantidad de nutrientes no utilizados si el agua no se recircula al sistema de cultivo después 
del proceso de cosechado [117]. Además, la reutilización del agua de cultivo reduce los costos 
y la energía asociados con el bombeo del agua de entrada, la adición de nutrientes y el 
tratamiento del agua descargada [118,119]. Aunque debe reponerse con los nutrientes 
consumidos [8,120] de manera equilibrada [121], reutilizar el medio puede reducir el consumo 







































Capítulo                 
                           
JUSTIFICACIÓN Y OBJETIVOS 
 
La importancia biotecnológica de las microalgas marinas dinoflageladas como 
productoras de una gran variedad de sustancias bioactivas, ha sido ampliamente reconocida en 
los últimos años. Los principales sectores interesados en las biomoléculas producidas por esta 
división especial de las microalgas son los de la industria farmacéutica (macrólidos, poliéteres, 
policétidos, etc.), y la industria alimentaria del sector pesquero (patrones certificados de 
biotoxinas). Sin embargo, solo unos pocos patrones certificados son accesibles comercialmente 
y con precios ciertamente prohibitivos. Dada la complejidad de sus estructuras químicas, su 
producción por síntesis química queda descartada en la mayoría de los casos. Por lo que la 
solución más inmediata pasa por obtenerlas a partir de cultivos de las especies productoras, 
pero estas suelen ser muy difíciles de cultivar y las productividades de los cultivos muy bajas. 
Todo ello ha provocado que la explotación comercial de los cuantiosos metabolitos de interés 
descubiertos hasta ahora, procedentes de dinoflagelados hayan sido prácticamente nula. Las 
causas del extraordinario bajo rendimiento celular de los dinoflagelados, en comparación con 
otras especies explotadas comercialmente pertenecientes a otras clases de microalgas, son muy 




variadas. Sin embargo, las principales apuntan a la carencia de formulaciones apropiadas de 
medios de cultivo, y a la extraordinaria sensibilidad de los dinoflagelados, en mayor o menor 
grado, a las fuerzas de corte mecánicas e hidrodinámicas desarrolladas en biorreactores agitados 
y/o aireados. Por tanto, para mejorar la disponibilidad de dichas sustancias debe pasar por 
aumentar su exigua productividad identificando y seleccionando estirpes superproductoras, y 
estableciendo las condiciones idóneas de cultivo a gran escala. 
El objetivo principal de la presente tesis es profundizar en el conocimiento de estrategias 
biotecnológicas y su aplicación en la producción de APDs y bioactivos a partir de la microalga 
dinoflagelada Amphidinium carterae. Esta microalga produce un grupo muy interesante de 
metabolitos policétidos, APDs, que exhiben potentes actividades anticancerígenas, antifúngicas 
y hemolíticas, entre otras, y tienen un potencial uso en estudios de diseño de fármacos. 
Igualmente, para mejorar sostenibilidad, estos bioprocesos, se evaluarán desde un punto de vista 
medioambiental y bajo el concepto de biorrefinería. Esta temática se encuadra en áreas 
consideradas estratégicas (Biotecnología Azul y Bioeconomía), dentro del Programa Marco de 
Investigación e Innovación Horizonte 2020.  
El objetivo planteado se divide en varios objetivos específicos: i) optimización de las 
condiciones de cultivo, tales como la tolerancia a la fotoaclimatación, la sensibilidad a la 
agitación y la formulación del medio de cultivo, para incrementar la productividad de biomasa 
y sustancias bioactivas a escala de laboratorio; ii) estudio de la viabilidad de un bioproceso para 
producir APDs a partir del sobrenadante de un cultivo a escala piloto de la microalga A. carterae 
en un CB-FBR iluminado con LEDs; iii) estudio de escalado del cultivo de la microalga A. 
carterae en un RW-FBR bajo condiciones indoor con iluminación tipo LEDs; iv) Optimización 
de la operación de cosechado, mediante el desarrollo de protocolos de centrifugación que eviten 
el daño celular en células sensibles al estrés hidrodinámico, usando simulaciones CFD 
(Dinámica de Fluidos Computacional) para complementar los datos experimentales; v) 
desarrollo de un método de análisis de metabolitos celulares, basado en el uso de espectroscopía 
de RMN acoplada a varias técnicas de análisis de datos multivariantes, no dirigido y rápido 
capaz de caracterizar el perfil metabólico del dinoflagelado marino A. carterae, especialmente 
en su contenido de APDs; vi) evaluación del potencial farmacológico de la microalga A. 
carterae mediante la realización de estudios específicos a la biomasa y al sobrenadante, como 
son; ensayos hemolíticos y antitumorales; vii) estudio de la influencia del medio reutilizado en 
la estabilidad, la productividad de biomasa y la composición química de A. carterae; y viii) 
valoración del potencial de esta micoalga para su uso en el tratamiento de efluentes en 
acuicultura marina. 















Capítulo                                                                                
                                                                              
MATERIALES Y MÉTODOS 
 
3.1. Metodologías para los procesos de producción y recuperación 
de la biomasa 
En este apartado, se describen de forma genérica, las metodologías aplicadas en los 
procesos de cultivo y en la separación de la biomasa del sobrenadante. 
3.1.1. Procedencia y mantenimiento de las microalgas 
En esta tesis se ha trabajado con la microalga flagelada Amphidinium carterae. En 
concreto, se han utilizado dos estirpes; AcRN03 y Dn241EHU. Sus procedencias y 
mantenimientos se describen a continuación: 
I. Estirpe AcRN03: fue proporcionada por la colección de cultivos de Microalgas Tóxicas 
del Instituto Español de Oceanografía (IEO) (Vigo, España). Los inóculos se 
mantuvieron en matraces T-flasks a 21 ± 1 ° C con un ciclo de luz-oscuridad de 12:12 
h. Para la iluminación se utilizaron lámparas fluorescentes de 58 W y la irradiancia en 




la superficie de los matraces de cultivo fue de 60 µE·m2·s1. El medio utilizado para su 
mantenimiento fue una modificación del medio K, usando agua del mar Mediterráneo. 
La composición del medio K modificado es la siguiente: NaNO3, 882 µM; NH4Cl, 50 
µM; NaH2PO4, 10 µM; TRIS, 1 mM; Na2EDTA·2H2O, 90 µM; Fe-Na-EDTA, 14,6 µM; 
MnCl2·4H2O, 0,9 µM; ZnSO4·7H2O, 0,08 µM; CoSO4·7H2O, 0,05 µM; 
Na2MoO4·2H2O, 0,03 µM; H2SeO3, 0,01 µM; Tiamina, 0,7 µM; Biotina, 2,1 nM; B12, 
0,37 nM. 
II. Estirpe Dn241EHU: fue cedida por la colección de cultivos del Departamento de 
Biología y Ecología Vegetal de la Universidad del País Vasco (UPV) (Leioa, España). 
Las condiciones de mantenimiento de los inóculos fueron idénticas que para la cepa 
AcRN03, excepto el medio de cultivo, concretamente f/2 [123], preparado en agua de 
mar filtrada. La composición del medio f/2 es la siguiente: NaNO3, 882 µM; 
NaH2PO4·H2O, 36,2 µM; Na2SiO3·9H2O, 106 µM; FeCl3·6H2O, 11,7 µM; 
Na2EDTA·2H2O, 11,7 µM; CuSO4·5H2O, 0,04 µM; Na2MoO4·2H2O, 0,03 µM; 
ZnSO4·7H2O, 0,08 µM; CoCl2·6H2O, 0,04 µM; MnCl2·4H20, 0,9 µM; Thiamine, 0,3 
µM; Biotin, 2,1 nM; B12, 0,37 nM. 
3.1.2. Diseño de los experimentos. Escala y sistemas de cultivo 
En los siguientes apartados, se describen de forma resumida el diseño de los experimentos 
realizados, su escala y el sistema de cultivo que se ha empleado. 
Dependiendo de la escala se utilizaron distintos dispositivos y fotobiorreactores, como se 
muestra en la Fig. 3.1. Brevemente, los cultivos estáticos se realizaron en T-flasks iluminados 
lateralmente con LEDs multicolor (Fig. 3.1a); se utilizaron CB-FBRs de escala de laboratorio 
con diferentes volúmenes (2,5L y 10L), como se muestra en las Fig. 3.1b y 3.1c; para los 
cultivos a escala piloto se utilizó un RW-FBR iluminado cenitalmente con LEDs multicolor 
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Figura 3.1. Dispositivos y fotobiorreactores, junto a su volumen de trabajo utilizados para los experimentos de 
cultivo realizados para esta tesis.  
 
3.1.2.1. Experimentos de fotoaclimatación 
Estos experimentos se realizaron a escala de laboratorio con el objetivo de estudiar la 
influencia del nivel de irradiancia sobre el crecimiento y los procesos de fotoaclimatación. El 
bloque de experimentos consistió en cultivos estáticos realizados en T-flask, en modo 
discontinuo, colocados de forma vertical y siendo el volumen de trabajo de 50 mL. Los T-flask 
se ubicaron en una incubadora y se iluminaron frontalmente (ver Fig. 3.1a). La temperatura se 
controló a 21 ± 1 ºC y el medio de cultivo fue una modificación del medio K (ver apartado 
3.1.1). 
La unidad de control permitió imponer un patrón de irradiancia imitando al ciclo solar. 
Las paredes de la incubadora se pintaron de negro para evitar reflejos que pudieran modificar 




la distribución de irradiancia en la superficie de los cultivos. Los cultivos se podían considerar 
ópticamente delgados, ya que el espesor de los mismos fue de 2,5 cm para minimizar la 
atenuación de la luz por la suspensión celular, y que esta fuese mínima y de esta forma suponer 
que la irradiancia incidente (Io) es similar a la irradiancia promedio (Iave), en cualquier 
momento. La irradiancia diaria promedio (Yave) percibida por las células se calculó 
promediando Io (t) durante 24 horas. Se ensayaron diferentes valores de Yave (de 0 a 424 μE·m-
2·s-1) variando el valor máximo de irradiancia incidente (Iomax) desde 0 a 1500 μE·m-2·s-1. Estos 
valores se consiguieron modificando la distancia desde la superficie del frasco hasta la fuente 
de la luz. La irradiancia se midió usando un sensor 4π (Biospherical instruments Inc., mod. 
QLS-100). Todas las irradiancias se ensayaron a la vez y todos los experimentos se llevaron a 
cabo por duplicado. En un primer bloque de experimentos, se cultivaron células del mismo 
inóculo original en modo discontinuo a diferentes niveles de Yave. Las células cultivadas en cada 
Yave se subcultivaron dos veces más para determinar fenómenos de fotoaclimatación.  
3.1.2.2. Determinación de umbrales de daño por estrés hidrodinámico 
Estos experimentos se diseñaron con el objetivo de identificar los valores de las variables 
operacionales en CB-FBRs de 2,5 L (ver Fig. 3.1b) que producían daño celular en A. carterae. 
En la tabla 3.1, se muestran las tres combinaciones de los valores de las variables de operación 
y diseño: Q, H y do. Se ensayaron las condiciones que resultaron letales (LST) u óptimas (OST) 
para Karlodinium veneficum determinadas previamente [84]. Con el objetivo de poder 
comparar con microalgas tradicionales, el tratamiento LST también se le aplicó a la microalga 
Nanocloropsis gaditana, un género que es capaz de crecer de manera óptima en FBRs tubulares 
equipados con una bomba centrífuga [124]. Los experimentos se realizaron por duplicado en 
una cámara termostatizada controlada a 21 ± 1 ºC y el medio de cultivo utilizado fue la 
modificación del medio K descrita en el apartado 3.1.1. La iluminación fue proporcionada por 
ocho lámparas fluorescentes de 58 W que emitían una irradiancia Io de 300 μE·m-2·s-1. Los 
cultivos de control estáticos se realizaron en T-flask dispuestos verticalmente, con un volumen 
de trabajo de 400 mL y en las mismas condiciones ambientales que los CB-FBRs. La cepa B-3 
de N. gaditana fue cedida por la Colección de Cultivos Marinos del Instituto Andaluz de 
Ciencias del Mar (CSIC. Cádiz. España). 
Tabla 3.1. Resumen de los tratamientos para determinar la sensibilidad a la agitación de A. carterae en un CB-
FBR. 
Tratamiento Q, L·min-1 vs·103, m·s-1 H, m do, mm 
LST-1 0,26 2,85 0,50 1,5 
LST-2 0,52 5,70 0,75 2,0 
OST 0,13 1,42 1,75 2,0 




3.1.2.3. Mejora del medio de cultivo 
Los experimentos se realizaron a escala de laboratorio y consistieron en cultivos estáticos 
en T-flasks, en modo discontinuo, colocados verticalmente y siendo el volumen de trabajo de 
50 mL. Se utilizó el mismo dispositivo que se describió en el apartado 3.1.2.1 (Fig. 3.1a). Los 
experimentos se realizaron en una cámara termostatizada a una temperatura de 21 ± 1 ºC y por 
duplicado. 
El primer bloque de experimentos consistió en estudiar la influencia tanto de la fuente de 
nitrógeno como de su concentración. Estos experimentos se realizaron a una irradiancia Io de 
400 μE·m-2·s-1 con un ciclo de luz/oscuridad de 12:12h. Se prepararon quince formulaciones 
diferentes de medio de cultivo variando tanto la fuente de nitrógeno como su concentración en 
la formulación del medio basal f/2. Se probaron nitrato de sodio (NaNO3) y cloruro de amonio 
(NH4Cl) como fuentes de nitrógeno inorgánico y urea (CH4N2O) como fuente orgánica. Las 
combinaciones de las fuentes de nitrógeno y los niveles de concentración se detallan en la Tabla 
3.2. Los experimentos permitieron evaluar el efecto sobre la velocidad de crecimiento y la salud 
celular de: (i) cada una de las tres fuentes de nitrógeno individualmente (experimentos 1-3; 
codificados como CTRL, URE y AMO, respectivamente); (ii) el aumento de la concentración 
de urea (experimentos 1 y 3-7) (codificadas como URE y URE1-4, respectivamente); (iii) el 
aumento de la concentración de NH4Cl (experimentos 1 y 8-11; codificados como AMO y 
AMO1-4, respectivamente) - ambos (ii) y (iii) tenían una concentración de 882 µM de N-
nitrato; y (iv) la presencia simultánea de las tres fuentes de nitrógeno a diferentes 
concentraciones (experimentos 12-15; codificado como NUE1-4). La mayoría de las 
concentraciones en cada uno de los tratamientos detallados en la Tabla 3.2 excedieron 
significativamente a las informadas en los efluentes típicos de la acuicultura. Para estudiar la 
aclimatación celular a cada una de las composiciones de medio de cultivo ensayadas, se 












Tabla 3.2. Resumen del diseño experimental ensayado en la evaluación de la fuente de nitrógeno. Las 
concentraciones de nitrógeno corresponden a las establecidas en el medio de cultivo al inicio de cada cultivo. 
Todos los experimentos se realizaron con una concentración inicial de P-fosfato de 181 µM en el medio de 
cultivo. 
No. Tratamiento Fuente de nitrógeno (N), µM NT, mg·L-1 
  N-Nitrato N-Urea N-NH4+  
1 CTRL 882 0 0 12 
2 AMO 0 0 882 12 
3 URE 0 882 0 12 
4 URE1 882 1000 0 26 
5 URE2 882 2000 0 40 
6 URE3 882 3500 0 61 
7 URE4 882 5000 0 82 
8 AMO1 882 0 1000 26 
9 AMO2 882 0 2000 40 
10 AMO3 882 0 3500 61 
11 AMO4 882 0 5000 82 
12 NUA1 441 441 1000 26 
13 NUA2 882 1125 882 40 
14 NUA3 1764 2150 441 61 
15 NUA4 882 882 110 26 
El segundo bloque de experimentos consistió en estudiar la viabilidad de reutilizar el 
sobrenadante en un cultivo de A. carterae. Para estos experimentos, el sistema de iluminación 
proporcionó una irradiancia Io de 300 μE·m-2·s-1 y se estableció un ciclo de luz/oscuridad de 
12:12h. El sobrenadante de un cultivo de larga duración de A. carterae se mezcló con agua de 
mar en diferentes proporciones (25%, 50%, 75% y 100% v/v). Esta mezcla se completó con 
stocks de nitratos y fosfatos hasta lograr la formulación de medio fresco (f/2; N:P = 5). Se 
agregaron micronutrientes en todos los casos, asumiendo un consumo completo. Los cultivos 
control se realizaron con medio fresco (f/2; N:P=5). Las cuatro formulaciones de medio 
resultantes basadas en medio reciclado (RM) se esterilizaron por filtración a 0,22 µm (Sartorius 
Stedim Biotech; mod. Sartopore 2 Sterile Midicap) y posteriormente en autoclave (Sanyo Labo, 
mod. MLS-3780). Se realizaron cuatro subcultivos con cada formulación para evaluar los 
posibles procesos de aclimatación. Además, para comprobar si la acumulación de materia 
orgánica disuelta era la responsable de las posibles respuestas en el cultivo, se prepararon las 
mismas formulaciones de los medios de cultivo, pero con el sobrenadante libre de células 
previamente sometido a una extracción en fase sólida (EFS) usando cartuchos preenvasados 
C18, antes de la reposición de nutrientes. 
3.1.2.4. Cultivo de A. carterae en la columna de burbujeo a escala piloto 
Se utilizó un CB-FBR con un volumen útil de 80L (Fig. 3.1e). Se impusieron las 
condiciones de aireación que no produjeron daño celular, determinadas en el apartado 3.1.2.2. 




Los perfiles de irradiancia dentro del fotobiorreactor lleno de agua de mar eran consistentes con 
un modelo de luz incidente totalmente difusa. Se impuso un patrón de iluminación que simulaba 
el ciclo solar con una irradiancia Iomax de 1500 μE·m-2·s-1 en el centro del FBR, equivalente a 
Yave = 424 μE·m-2·s-1. La temperatura del cultivo se controló a 21 ± 1 °C y el pH se mantuvo a 
8,5 inyectando automáticamente dióxido de carbono a demanda en la corriente de aire. Se 
utilizó medio K modificado. Se ensayó el modo de cultivo fed-batch, reemplazando 2 L de 
cultivo por el mismo volumen de medio fresco con una concentración de nutrientes equivalentes 
a 80 L del medio K modificado. Una vez que las implementaciones de stock de nutrientes no 
aumentaron la concentración celular, se mantuvo una fase de crecimiento estacionario durante 
10 días agregando pequeñas cantidades de stock de nutrientes para compensar los 
requerimientos nutricionales del metabolismo basal. 
3.1.2.5. Cultivo de A. carterae en el RW-FBR 
A. carterae se cultivó en un RW-FBR de 0,44 m2.  La altura de cultivo fue de 7,5 cm 
(equivalente a un volumen de 33 L) para minimizar la atenuación de la luz. Para la impulsión 
del cultivo se utilizó una rueda de paletas de seis palas planas con una velocidad de rotación de 
23,1 ± 0,6 rpm que impulsó el cultivo a una velocidad de 20,7 ± 0,3 cm·s-1. El sistema de 
iluminación consistió en LEDs multicolor adheridos a la parte inferior de una cubierta plana de 
PVC (ver Fig. 3.1d). El volumen se mantuvo constante añadiendo automáticamente agua 
destilada esterilizada, para compensar las pérdidas por evaporación. Se midió una tasa de 
evaporación de 3,34 L H2O·m-2·d-1. El pH se mantuvo en 8,5 inyectando automáticamente CO2 
puro a demanda a través de un difusor poroso colocado antes de la rueda de paletas y la 
temperatura de cultivo se mantuvo a 21 ± 1 ºC.  
Se ensayaron diferentes concentraciones de la formulación básica del medio f/2 (f/2 ×1, 
f/2 ×2 y f/2 ×3) y diferentes relaciones N:P (variando la concentración de P) para determinar la 
combinación adecuada capaz de mantener altas concentraciones de biomasa en el tiempo. Así 
mismo, se ensayaron diferentes regímenes de iluminación variando la irradiancia máxima y la 
duración del ciclo L/D. Se ensayaron tres modos de cultivo secuenciales: modo discontinuo, 
modo fed-batch, y modo semicontinuo. En el modo fed-batch, se añadieron stocks de medio 
concentrado cada vez que se alcanzó una fase de crecimiento estacionario. Una vez que la 
implementación del stock de nutrientes no aumentó la concentración celular, se exploró el modo 
semicontinuo hasta el final del estudio. El modo semicontinuo consistió en retirar un volumen 
del cultivo variable y reponer con un volumen igual de medio fresco con la concentración de 
nitrato y fosfato necesaria para reponer la cantidad consumida en todo el volumen de cultivo 
(33 L) correspondiente a la formulación del medio seleccionado. Cada reposición se llevó a 




cabo una vez que el cultivo entró en una fase estacionaria. Se realizaron varios subcultivos para 
cada composición de medio y nivel de irradiancia. Después de cada reposición, se fijó una 
concentración celular de aproximadamente 106 células·mL-1 como línea de base en todos los 
subcultivos en modo semicontinuo.  
El FBR operó bajo tres regímenes de iluminación. La irradiancia media incidente se varió 
ensayando diferentes ciclos L/D; donde la fase luminosa siguió un patrón de variación similar 
al ciclo solar: (i) 12:12h; (ii) 18:6h; y (iii) 24:0h. La estrategia completa seguida se resume en 
detalle en la Tabla 3.3. 
Tabla 3.3. Rangos de las variables operacionales y estrategias de cultivo utilizados en este estudio. Se 
definieron siete tratamientos con diferentes combinaciones de: el modo de cultivo, Iomax, la irradiancia media 
















1 0-4 Discontinuo 300 12:12 100 882 36,2 24 f/2 x1 
 5-9  900  286    - 
2 9-14 Discontinuo 900 12:12 286 882 36,2 24 f/2 x1 
 14-20 (alimentado)       f/2 x1 
 20-22        f/2 x1 
 22-24        f/2 x1 
 24-27     882 108,6 8 (PO43-)f/2 x3 
3 27-29 Semicontinuo 900 12:12 286 882 36,2 24 f/2 x1 
 29-36     882 181 5 f/2 x1; (PO43-)f/2 x5 
 36-43         
 43-51         
 51-58         
4 58-64   18:6 430     
 64-69         
 69-73         
 73-77         
5 77-85   18:6 430 1764 362 5 f/2 x2; (PO43-)f/2 x10 
 85-92         
 92-99         
6 99-110   18:6 430 2646 529 5 f/2 x3; (PO43-)f/2 x15 
 110-122         
 122-127         
7 127-134   24:0 573     
 134-149         
 149-161         
 161-172         
En una segunda fase del cultivo, se evaluó la posibilidad de reutilizar el sobrenadante 
libre de células, para formular el medio cultivo. Los subcultivos, por tanto, se realizaron a partir 
del día 172 de cultivo y las condiciones de cultivo fueron las correspondientes al set 7 (ver tabla 
3.3), por lo que lo único que se cambió fue el medio de cultivo al incorporar sobrenadante 
agotado. En la Fig. 3.2 se resume la estrategia seguida en este estudio. Brevemente, esta 




comenzó con un cultivo semicontinuo repetido denominado SET8 (I y II) durante 77 días, que 
se realizó en las mismas condiciones que el set 7 (ver tabla 3.3) para confirmar la robustez del 
proceso. Los experimentos llevados a cabo con el medio reutilizado (RM) se denominaron RM1 
y RM2. Estos dos tratamientos comprenden dos subcultivos (I y II) cada uno. En el subcultivo 
RM1-I se utilizó el sobrenadante libre de células del SET8-I para formular el medio. El 
sobrenadante libre de células del subcultivo RM1-I se utilizó para RM2-I y así sucesivamente. 
En todos los casos el medio resultante inicial de mezclar agua de mar con el medio agotado se 
completó con los nutrientes necesarios para obtener la concentración del medio utilizado en el 
Set 7 (N/P=5).  
 
Figura 3.2.  Descripción esquemática de la estrategia en la reutilización del medio de cultivo agotado en el RW-
FBR. El SET8 es un cultivo semicontinuo de larga duración realizado en las condiciones del Set 7 con medio 
fresco y los cultivos semicontinuos RM1 y RM2 están realizados con medio reutilizado. I y II se refieren a dos 
subcultivos consecutivos de cada set. 
3.1.3. Métodos analíticos 
3.1.3.1. Determinación del peso seco de la biomasa 
Puesto que A. carterae es una microalga marina, primero se optimizó el proceso de lavado 
de las sales de la biomasa. Como agentes de lavado se consideraron agua destilada y 
disoluciones de bicarbonato amónico entre 0,05 y 0,5 M. Así, los pellets celulares obtenidos 
por centrifugación se resuspendieron suavemente en volúmenes que oscilaron entre 3 y 40 mL. 
Las células se volvieron a sedimentar por centrifugación, los sobrenadantes se retiraron 
cuidadosamente y, tras congelarlos, los pellets celulares se secaron en un liofilizador de vacío 
durante 48 horas. Dado que las microalgas marinas son sensibles a cambios repentinos en la 
presión osmótica, una posible liberación de contenido celular en el sobrenadante debido a la 
citólisis puede ser una fuente importante de error en la estimación gravimétrica del peso seco. 
Por tanto, la existencia de rotura y/o lisis celular se determinó indirectamente: (i) por la 
presencia de la enzima citoplasmática LDH en los sobrenadantes, como se describe en [125], y 
(ii) por la liberación de clorofilas, determinada por absorbancia en un lector de microplacas 
basado en monocromador (Synergy TM Mx, BioTek). Todos los ensayos se realizaron por 
triplicado. Los resultados indicaron que las soluciones isotónicas de bicarbonato de amonio 




podrían descartarse como agentes de lavado para A. carterae porque lisaban células en todo el 
rango de concentraciones ensayadas. Por el contrario, las muestras lavadas con agua destilada 
no lisaron, y los pesos secos obtenidos para estas muestras fueron consistentes para los 
diferentes volúmenes centrifugados. 
El seguimiento de la concentración de biomasa de los cultivos se realizó con medidas de 
peso seco y espectrofotometría. Para la determinación del peso seco, se filtraron muestras de 
cultivo de hasta 30 mL en filtros de fibra de vidrio (tamaño de poro 0,7 µm. Whatmann GF/F) 
pesados previamente. Las células retenidas en el filtro se lavaron tres veces con 30 mL de agua 
destilada. A continuación, los filtros se secaron a 900 W en un horno microondas durante 6 min 
hasta pesada constante [126]. Se puso a punto también un método espectrofotométrico para la 
determinación rápida de la concentración de biomasa. Se confeccionó una recta de calibrado 
utilizando muestras celulares extraídas de cultivos en diferentes fases de crecimiento y 
determinando la absorbancia a 720 nm (DO720). La relación entre la concentración de biomasa 
(Cb) expresada como peso seco, y la DO fue: Cb (g·L-1) =1,038 × DO720; r2 = 0,938; n = 66).  
3.1.3.2 Eficiencia fotosintética 
El valor de FV/FM se determinó utilizando un fluorímetro de modulación de amplitud de 
pulso (PAM), modelo Mini-PAM-2500; Heinz Walz GmbH, Effeltrich, Germany, como se ha 
descrito anteriormente [84]. FV/FM (relación entre la fluorescencia variable máxima (FV) y la 
fluorescencia máxima (FM) de la clorofila) se considera universalmente un indicador del estrés 
celular en microalgas. 
3.1.3.3. Determinación de las concentraciones de macronutrientes en el medio y la 
composición elemental de la biomasa 
Las concentraciones de las tres fuentes de N y del ion fosfato en los sobrenadantes se 
determinaron como se indica a continuación: i) el fosfato y el N-nitrato en los sobrenadantes se 
midieron utilizando los métodos espectrofotométricos 4500-P y 4500-N para análisis del agua 
(APHA, 1995); ii) el N-amonio se midió colorimétricamente utilizando el método de Nessler 
(ASTM, 2008); iii) la concentración del fósforo total (PT) y del nitrógeno total (NT) se midieron 
utilizando un método químico modificado de oxidación en húmedo para determinar el 
contenido de fósforo y nitrógeno en medios acuáticos, incluido el fitoplancton [127]; iv) el N-
Urea se estimó realizando un balance global a las especies de nitrógeno solubles: N-urea = NT 
- (N-nitrato + N-amonio). Las mediciones se realizaron en muestras duplicadas y se utilizó el 
valor promedio. Las medidas de absorbancia se realizaron en un lector de microplacas basado 
en un monocromador (Synergy TM Mx, BioTek). 




La composición elemental de la biomasa en C, N, H y S se realizó en un analizador 
elemental Thermo ScientificTM (Mod. Flash 2000), en muestras de biomasa liofilizadas. El 
contenido de fósforo total (PT) en la biomasa se determinó volviendo a disolver la biomasa en 
agua de mar, y aplicando el procedimiento descrito anteriormente [127]. El contenido de 
cenizas se determinó calcinando muestras de biomasa liofilizada en un horno a 550 ºC. 
3.1.3.4 Determinación de la flora bacteriana de A. carterae 
Se determinó la comunidad bacteriana que acompaña a A. carterae en el cultivo realizado 
en el RW-FBR. La muestra de biomasa se recogió después de 260 días de cultivo 
ininterrumpido. Se centrifugaron 10 mL de cultivo a 2500 ×g durante 5 min a temperatura 
ambiente. El sedimento se resuspendió en 1 mL de agua libre de nucleasas y se volvió a 
centrifugar en las mismas condiciones. Se extrajo el ADN total microalgal y se cuantificó. Los 
análisis de metagenómica se realizaron en un equipo MiSeq de la plataforma de secuenciación 
masiva Illumina. En la preparación de la biblioteca, se utilizaron dos pares de cebadores 
diseñados contra las regiones hipervariables V3 y V4 del gen de ARNr 16S. Para la 
identificación y clasificación de los diferentes niveles taxonómicos, las secuencias de ADN 
fueron confrontadas con la base de datos GreenGenes. 
3.1.4. Citometría de flujo 
Se utilizó la técnica de citometría de flujo para cuantificar los siguientes parámetros 
celulares: i) concentración de células en una suspensión (N); ii) diámetro equivalente (De) iii) 
dispersión lateral de la luz (SS), relacionada con la composición y complejidad celular; y iv) 
nivel de fluorescencia (FL) promediada a longitudes de onda específicas: FL1 (paso de banda 
de 525 nm (PB)), FL2 (575 nm (PB)) y FL3 (paso de banda largo de 670 nm). En todos los 
casos, se realizaron cinco mediciones por muestra y se utilizó un valor promedio. El volumen 
celular (Vc) se calculó como π𝐷 /6. Todas las mediciones de citometría de flujo fueron 
obtenidas por un citómetro de flujo CellLabQuanta SC (Beckman Coulter Inc., Brea, CA, EE. 
UU.), equipado con un láser de excitación de iones de argón (luz azul, 488 nm). Se analizaron 
al menos 60.000 células por muestra. La tasa de flujo se mantuvo en un ajuste moderado (tasa 
de eventos = 600 eventos s-1) para evitar interferencias entre las células. La autofluorescencia 
de los pigmentos de las células de microalgas y su morfología, son parámetros precisos para 
determinar respuestas celulares a diferentes condiciones, como puede ser la aclimatación a 
nuevos tratamientos de cultivo [128]. Las intensidades de fluorescencia (FL1,2,3) están 
influenciadas por la cantidad de pigmentos y el perfil de estos que presenta la célula, y pueden 
usarse como un proxy para monitorear el contenido de clorofila y carotenoides [129] . Con fines 
de comparación, las intensidades de FL1,2,3 se expresaron relativas al Vc. 




3.1.5. Optimización de la operación de centrifugación 
El cultivo para los experimentos de centrifugación se obtuvo inoculando células en fase 
de crecimiento exponencial en un CB-FBR, con un volumen de 10 L (ver Fig. 3.1c). La 
concentración celular en todos los experimentos fue de 4,0×106 células·mL-1 con una viabilidad 
superior al 98% determinadas por citometría. Para las simulaciones en CFD, se utilizó De 
promedio fue de 12,39 ± 0,78 µm (n = 105). Dado que las células de A. carterae tienen una 
forma elipsoidal [130], se utilizó el diámetro equivalente para calcular las longitudes más larga 
(L = 22 µm), intermedia (I = 12 µm) y más corta (S = 7 µm) de las células. Como recipientes 
se utilizaron tubos Falcon de 50 mL y se centrifugaron en una centrífuga de sobremesa 
(Beckman Coulter, modelo Allegra 25R) utilizando un rotor con un radio máximo de 13,7 cm 
(RCF máx. = 15.300 ×g). La altura de la suspensión celular en los tubos (hc) fue de 10,4 cm 
para todos los experimentos. Después de la centrifugación, se eliminó el sobrenadante y el 
sedimento celular se resuspendió en medio fresco. La integridad celular, determinada 
cuantificando la clorofila en el sobrenadante, se utilizó como indicador de la viabilidad celular. 
La relación entre la concentración de células rotas y la concentración de clorofila fue: CCR 
(células·mL-1) = 2.9965 × Área640-800 (r2 = 0,9954). Donde Área640-800 es el área de debajo de la 
curva del espectro de emisión de fluorescencia de los sobrenadantes libres de células entre 640 
y 800 nm, siendo la longitud de onda de excitación 480 nm. Las medidas de fluorescencia se 
realizaron en un lector de microplacas basado en un monocromador (Synergy TM Mx, BioTek). 
3.2. Métodos de purificación y análisis de los principales 
bioproductos de A. carterae 
3.2.1. Extracción y aislamiento de APDs del sobrenadante 
Este método se desarrolló con el caldo de cultivo obtenido en el CB-FBR a escala piloto 
(Fig. 3.1e). La separación de la biomasa y el sobrenadante se realizó en una centrífuga continua 
(RINA, mod. 100M/200SM, España) . Para evitar la lisis celular, la centrífuga operó a 1000 ×g, 
y se alimentó con un caudal de entrada de cultivo bajo (13 L·h-1). Un volumen de cultivo de 80 
L proporcionó casi 1 L de concentrado de microalgas (retenido) y aproximadamente 78 L de 
sobrenadante. En la figura 3.3 se muestra el diagrama de flujo del proceso completo seguido 
para aislar APDs a partir del sobrenadante. Así la primera etapa es someterlo a una EFS usando 
cartuchos preenvasados C18 de fase invertida (Grace™ Reveleris™ SRC, PN 5152105, 80 g). 
Después de la elución lenta de los sobrenadantes a través de los cartuchos. El material orgánico 
se eluyó con metanol, el disolvente se evaporó a vacío y el extracto orgánico se liofilizó 
obteniéndose una concentración de residuo seco de 0,049 g L-1.  




Para esta actividad, se contó con la colaboración del Departamento de Química Orgaánica 
de la Universidad de la Laguna (ULL). Brevemente, el extracto enriquecido en APDs se sometió 
a una filtración en gel sobre Sephadex LH-20, eluyendo con metanol para obtener cuatro 
fracciones. La primera y la segunda fracciones produjeron 570 y 1.020 mg, respectivamente, y 
contenían una mezcla compleja de derivados de APDs. Los estudios posteriores se centraron en 
la primera fracción, las fracciones restantes permanecen en estudio. Los APDs presentes en esta 
fracción se separaron usando una columna LC Lobar LiChroprep RP-18 de fase invertida, 
eluyendo con un gradiente de MeOH:H2O de 6:4 a MeOH al 100% durante 90 min para obtener 
cuatro nuevas fracciones (A-D). Una pequeña porción (20 mg) de la fracción C (208,7 mg 
totales) se sometió a una purificación adicional por RP-HPLC en un Waters μ-Bondapack C18 
eluyendo con una mezcla de MeOH:H2O:AcOH (7:3:0.1) como fase móvil para proporcionar 
luteofanol D puro (2,3 mg) y lingshuiol A (0,9 mg). Finalmente, se purificaron 20 mg de la 
fracción B (213,7 mg totales) por RP-HPLC para aislar un nuevo compuesto, anfidinol 20 (0,7 
mg).  
 
Figura 3.3. Diagrama del proceso seguido para el aislamiento de APDs puros desde el sobrenadante de cultivos 
de la microalga marina A. carterae. 
3.2.2. Caracterización química del sobrenadante 
En los ensayos de reutilización del medio de cultivo se analizaron proteínas, 
carbohidratos, materia orgánica disuelta total y sustancias húmicas. La materia orgánica en 
suspensión se eliminó por filtración antes de proceder con la caracterización química. La 
Materia orgánica disuelta total se cuantificó utilizando un analizador de TOC, como se describe 
en [131]. Los carbohidratos solubles liberados por las células presentes en el sobrenadante se 




determinaron utilizando el método de fenol-ácido sulfúrico, con glucosa como estándar [132]. 
Las proteínas y las sustancias húmicas se cuantificaron mediante medidas de emisión de 
fluorescencia en un lector de microplacas basado en un monocromador (Synergy TM Mx, 
BioTek). Las longitudes de onda de excitación y emisión se seleccionaron basándose en los 
estudios de [133,134] y se corroboró utilizando las matrices de excitación-emisión (EEM) de 
sobrenadantes reales. Agua de mar filtrada a 0,22 µm se utilizó como blanco en todas las 
medidas. Las longitudes de onda de excitación y emisión para la cuantificación de proteínas 
fueron 280 y 340 nm, respectivamente. Se usó BSA en el rango de 0-70 mg·L-1, como patrón 
de calibración de proteínas. Se encontró una buena correlación entre la intensidad de 
fluorescencia de emisión (IE) y la concentración de proteína disuelta (Cprot) en el rango 
investigado (CProt (mg·L-1) = 0,0131 × IE; r2 = 0,999). Las longitudes de onda de excitación 
y emisión para especies húmicas fueron de 350 y 440 nm, respectivamente. Para la calibración 
se utilizó ácido húmico en el rango de concentración de 0-80 mg·L-1, y se encontró una relación 
lineal entre la IE y la concentración de ácido húmico (CAH) (CAH (mg·L-1) = 0.0437 × IE; r2 = 
0,998). Todas las determinaciones en los sobrenadantes se realizaron por triplicado en  cada 
muestra. 
3.2.3. Métodos analíticos. Caracterización y valorización de la biomasa 
3.2.3.1. Contenido en Pigmentos 
El contenido en pigmentos y su perfil en las células se determinaron en un HPLC 
equipado con un detector de diodo array, como se explica en [135], siguiendo el método descrito 
en [136]. Los pigmentos se identificaron sobre la base de sus tiempos de retención y espectros 
de absorbancia. Los tiempos de retención y cantidades se compararon con los de los patrones 
puros obtenidos comercialmente y los informados en otras publicaciones [136,137]. Los 
estándares utilizados fueron de; clorofilas a, b y c2; fucoxantina; luteína; zeaxantina y 
peridinina. Las mediciones se realizaron por duplicado utilizando muestras de cultivos de 10 
mL. 
3.2.3.2. Contenido en Ácidos grasos saponificables 
El contenido y el perfil de ácidos grasos (AG) se obtuvieron mediante transesterificación 
directa y cromatografía de gases (Cromatógrafo de gases serie 6890N, Agilent Technologies, 








3.2.3.3. Caracterización de la biomasa mediante RMN  
Para esta actividad, se contó con la colaboración del Departamento de Química y Física. 
Centro de Investigación CIAIMBITAL y del Departamento de Química Analítica. Universidad 
de Granada. Brevemente, se eligieron dos combinaciones de disolventes para maximizar el 
número y cantidad de metabolitos extraídos de la biomasa: (i) una mezcla de CH3OH-d4 y 
solución tampón de fosfato D2O a pH 6 (80:20, v/v), que contiene la sal sódica del ácido 3- 
(trimetilsilil) propiónico-2,2,3,3-d4 (TSP, 0.01% en peso) y azida sódica (NaN3, 90 µM) como 
inhibidor de la enzima; (ii) una mezcla de CDCl3 que contiene tetraquis (trimetilsilil) silano 
(TTMS, 1.2 mM) y CH3OH-d4 en una proporción de 80:20 (v/v). Se trataron muestras de 30 
mg de biomasa liofilizada con 0,8 mL de cada disolvente en un baño de ultrasonidos (20 min, 
25 ºC), seguido de vórtex (600 rpm, 10 min) y centrifugación (13.500 rpm, 5 min). Se 
transfirieron 500 µL de los sobrenadantes a tubos de RMN de 5 mm secados en horno para el 
análisis. Los extractos de biomasa se registraron en un espectrómetro Bruker Avance III 600 
que operó a una frecuencia de protones de 600 MHz y usando una criosonda de gradiente de 
campo de pulso de resonancia cuádruple de 5 mm. Todos los espectros se adquirieron sin 
rotación a 293 ± 0,1 K y utilizando una secuencia de pulsos de presaturación NOESY con 
supresión de agua mediante la irradiación de la frecuencia del agua durante el tiempo de 
recirculación y mezcla. La adquisición y el procesamiento de los espectros de RMN se llevaron 
a cabo utilizando el software TOPSPIN (versión 3.1).  
3.2.4. Actividad hemolítica e identificación y contenido en APDs 
Puesto que los APDs tienen actividad hemolítica, se utilizó un procedimiento de 
cuantificación indirecta del contenido de APDs en los cultivos de A. carterae se determinando 
la actividad hemolítica en sangre de oveja desfibrinada, como se describe en [84]. Los valores 
de EC50 (número de células por pocillo que producen un 50% de hemólisis) se obtuvieron a 
partir de las curvas de Hill de respuesta de la dosis para A. carterae y un control de saponina. 
La EC50 correspondiente fue de 8,5 ± 0,6·106 pg por pocillo. Se calculó una potencia de 
saponina equivalente (ESP) expresada en términos de pg de saponina por célula de A. carterae 
dividiendo la EC50 de la saponina por la EC50 de A. carterae. 
Los valores para la concentración (% en peso) de APDs en la biomasa se pueden 
determinar a partir de los valores de ESP obtenidos en los ensayos hemolíticos y el valor 
absoluto de la integral del pico de protón a δH = 5,07 ppm en el espectro de RMN 1H de 
soluciones acuosas de sal sódica del ácido 3- (trimetilsilil) propiónico-2,2,3,3-d4 estándar de 
RMN (TSP, 0.01% p/ p). Este procedimiento de determinación se basa en el trabajo de 
Henderson (2002) [139], ya que la intensidad de la señal de RMN para una región definida del 




espectro representa el número total de los respectivos núcleos y, por tanto, la concentración de 
cualquier sustancia se puede obtener a partir de una concentración conocida de una sustancia 
estándar cuando sus espectros se obtienen en las mismas condiciones [139]. Por tanto, la masa 
de APDs en la biomasa se puede obtener a partir de la siguiente ecuación, adaptada de 
Henderson (2002) [139]: 






× 𝑀 × 100 
donde IR es la intensidad de la señal del compuesto de referencia, IAPDs es la intensidad de la 
señal de los APDs, nR es el número de moles del estándar de referencia utilizado en las 
determinaciones, MAPDs es el peso molecular medio de los anfidinoles A y B (g·mol-1) y mb es 
la masa de biomasa seca en la muestra (g). IAPDs es la intensidad de la señal de los espectros de 
APDs, que puede obtenerse de los espectros de RMN de los extractos celulares o de la 





Para identificar APDs en la biomasa de A. carterae se utilizó la técnica de Espectrometría 
de masas de ionización por electroespray (ESI-MS) en un espectrómetro de masas (MS) Bruker 
Daltonics Esquire 2000 ™ Ion Trap con una fuente de ionización por electroespray (ESI) 
acoplado a un MS QTOF SYNAPT G2 MS. 
3.2.5. Bioensayos antiproliferativos 
Se determinó la actividad antiproliferativa de extractos metanólicos de la biomasa y de 
los sobrenadantes de los cultivos de A. carterae. En el caso de los sobrenadantes, estos se 
filtraron a través de cartuchos preenvasados C18 de fase invertida (Grace™ Reveleris™ SRC, 
PN 5152105, 80 g ). Los compuestos orgánicos se recuperaron eluyendo posteriormente con 
metanol. Los ensayos antiproliferativos los realizó la empresa Pharmamar S.A. con los 
extractos metanólicos secos, como se describe en [96,97]. Se utilizaron cuatro líneas de células 
tumorales humanas obtenidas de la American Type Culture Collection (ATCC); A549 (ATCC 
CCL-185; carcinoma de pulmón, NSCLC), HT-29 (ATCC HTB-38; adenocarcinoma de colon), 
MDA-MB-231 (ATCC HTB-26; adenocarcinoma de mama) y PSN-1 (ATCC CRL-3211; 
adenocarcinoma de páncreas). Se midió la supervivencia celular después del tratamiento 
durante 72 h. 
 





3.3.1. Simulaciones en CFD 
Los tiempos de sedimentación celular y el campo de velocidades de corte para cada 
experimento de centrifugación se obtuvieron de simulaciones CFD usando el software Fluent® 
v19.2 (Ansys, Canonsburg, PA, EE. UU.). Como los tubos falcon son simétricos respecto a su 
eje de revolución, las simulaciones se realizaron en 2D utilizando una malla estructurada con 
un tamaño óptimo de 0,2 mm. Se asumió flujo laminar y se utilizó un modelo euleriano de dos 
fases, en el que las células representan la fase granular, para describir las interacciones sólido-
líquido. La fracción de volumen celular inicial en la suspensión fue 4,58·10-3, calculada a partir 
del diámetro y la concentración celular en la suspensión. No se impuso balance energético, ya 
que se asumieron condiciones isotérmicas. Se consideró la superficie de la suspensión como 
referencia para la presión (P = 1 atm). Las condiciones de contorno incluyeron condición de no 
deslizamiento para las paredes. Los esquemas utilizados para la discretización espacial fueron 
de segundo orden para la cantidad de movimiento, gradiente Green-Gauss basado en el nodo y 
HRIC modificado para la fracción de volumen. Se eligió el esquema SIMPLE con formulación 
implícita para el acoplamiento presión-velocidad. Todas las simulaciones se realizaron en modo 
no estacionario utilizando un intervalo de tiempo de 0,0005 s. Los criterios de convergencia se 
verificaron en cada paso de tiempo y los residuos para todas las variables se fijaron en 10-5. 
Para las simulaciones se utilizó una estación de trabajo HP Z840 con dos procesadores Intel® 
Xeon E5-2670 v3 a 2,3 GHz con 128,0 GB de RAM. 
3.3.2. Análisis estadístico 
Se realizaron ANOVAs simples y/o multifactoriales en función de los experimentos y  
pruebas post-hoc (prueba de Duncan) para determinar  diferencias entre las condiciones y/o 
tratamientos. Los ANOVA se realizaron con el software Statgraphics Centurion XVIII 
(StatPoint, Herndon, VA, EE. UU.). También se realizó la comprobación de que las medidas 
de las respuestas cumplían con los supuestos de distribución normal (prueba de Shapiroe Wilk) 
y homogeneidad de la varianza (prueba de Bartlett). En los casos donde no se cumplía, los datos 
se transformaron logarítmicamente y se evaluó su validez. Las diferencias estadísticamente 
significativas en la respuesta media entre las condiciones o los tratamientos se fijaron en un 
umbral de nivel de significación del 5,0% (valor p <0,05). El método utilizado para discriminar 
entre las medias al nivel de confianza del 95,0% fue el procedimiento de diferencia mínima 































Capítulo                                                                                 
RESULTADOS Y DISCUSIÓN 
La elaboración de este capítulo se ha basado en la Fig. I (ver resumen), donde de forma 
esquemática, las aportaciones de la tesis eran conectadas con las publicaciones científicas de la 
misma. 
4.1. Caracterización de la especie 
En este estudio se presentan los datos correspondientes al aislamiento, a la caracterización 
morfológica y a la identificación genética de la estirpe Dn241EHU de la especie de la microalga 
flagelada Amphidinium carterae. Esta actividad contó con la colaboración del Departamento de 
Biología Vegetal y Ecología. Universidad del País Vasco. Esta cepa fue aislada en aguas de la 
Punta del Gas (Mallorca, España), y depositada en la colección de cultivos de microalgas del 
Departamento de Biología Vegetal y Ecología de la Universidad del País Vasco, con la 
referencia Dn241EHU. La caracterización morfológica celular se realizó mediante tres técnicas 
diferentes de microscopía. Las células muestran la forma típica del género Amphidinium con 
un epicono pequeño y un hipocono grande (ver Fig. 4.1). La célula es ovalada, el epicono es 




asimétrico y en forma de media luna, desviado respecto a la generatriz de la célula. El flagelo 
anterior aparece en el cíngulo, rodeándolo, mientras que el flagelo posterior se extiende más 
allá de la célula. El núcleo está confinado a la parte inferior del hipocono. Respecto al 
cloroplasto, se observa un cloroplasto multilobulado. Las dimensiones medidas variaron entre 
10,04-12,86 µm de largo y 8,36-10,98 µm de ancho. 
Respecto a su identificación genética, se obtuvo la secuencia BLASTed que fue 
contrastada con la base de datos NCBI. Los análisis filogenéticos se realizaron usando 
secuencias de otras cepas de A. carterae y otra especie diferente del género Amphidinium, en 
este caso se usó Alexandrium catenella como grupo externo. La secuencia de ADNr 28S se 
almacenó con el número de acceso de GenBank MG520273. 
 
Figura 4.1. Micrografías de las células de la estirpe Dn241EHU de A. carterae. a) Microscopía óptica, que 
muestra el flagelo anterior (flecha) y el flagelo posterior (punta de flecha); b) Microscopía confocal, que muestra 
el núcleo (flecha) y el cloroplasto multilobulado (punta de flecha); c) Microscopía electrónica de barrido, que 
muestra el epicono (flecha) y el hipocono (punta de flecha). Barra de escala: 5 µm.  
4.2. Optimización de las condiciones de cultivo 
La optimización de las condiciones de cultivo incluye factores abióticos, tales como; la 
irradiancia; factores ambientales; aquellos relacionados con la fluidodinámica en los 
fotobiorreactores; y las mejoras en el medio de cultivo. La optimización de las condiciones de 
cultivo se realizaron a escala de laboratorio.  
a) b) 
c) 




4.2.1. Efectos de la fotoaclimatación 
Se estudió la influencia del nivel de irradiancia y posibles efectos de fotoaclimatación 
sobre el crecimiento de A. carterae en matraces T-flasks iluminados lateralmente con LEDs 
(Fig. 3.1a) con un ciclo L/D de 12:12. Tras la inoculación, los cultivos se sometieron al nivel 
correspondiente de irradiancia  sin aclimatación previa. Se realizaron tres subcultivos en cada 
nivel de irradiancia. Para analizar la influencia de los factores subcultivo (Sub) y Yave, sobre µm, 
se realizó un ANOVA multifactorial.  
 
Figura 4.2. Resultados de la ANOVA multifactorial sobre el efecto de la irradiancia promedio diaria, Yave, y el 
número de subcultivos en cada Yave (recuadro) sobre la µm de cultivos de A. carterae. Los puntos corresponden 
al promedio de las réplicas y las barras verticales a los intervalos del 95% de confianza según el procedimiento 
de diferencia mínima significativa (LSD) de Fisher. Los valores indicados por una letra minúscula diferente en 
cada punto difieren significativamente (p <0,05). La línea representa el ajuste del modelo fotosintético a los 
datos experimentales (círculos sólidos)[140]. Se muestran los valores de ajuste de α, κ y µmax. Publicación Nº 
1. 
La Fig. 4.2 muestra los valores medios de µm en función de Yave y el número de subcultivos 
(figura insertada). Ambos factores tienen un efecto estadísticamente significativo en µm a un 
nivel de confianza del 95% (valor de p <0,05). Sin embargo, la contribución de Yave (relación F 
= 67,2) a la variación global de µm, fue sustancialmente mayor que la del subcultivo (relación 
F = 6,2). Por otro lado, en la figura se muestra la curva P-I para esta cepa, en la que la línea 
representa el ajuste al  modelo mecanístico fotosintético, descrito previamente por Rubio-
Camacho y col.[140]. A continuación, se muestra la ecuación de este modelo. 
 
El valor α de 56 μE·m−2·s−1 corresponde al umbral de Yave que divide la curva µm-Yave en 
las regiones de crecimiento limitado por la luz (Yave < α) y la de crecimiento saturado por la luz 
Yave, E m
-2s-1 
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(Yave > α). Igualmente, existe un intervalo de Yave (100-400 μE·m−2·s−1) donde el valor de µm es 
prácticamente constante, alrededor de 0,6 día-1. 
Los resultados indicarían que no existen efectos negativos sobre el crecimiento de la en 
A. carterae en los procesos de fotoaclimatación  y que esta cepa ha demostrado una gran 
tolerancia a la luz, presentando una ventana operacional alrededor de Yave =100-400 μE·m−2·s−1, 
donde la cinética de crecimiento no se ve afectada. 
4.2.2. Sensibilidad a la agitación neumática 
Se realizaron experimentos orientados a la identificación de los umbrales de daño celular 
de A. carterae frente a los esfuerzos de corte desarrollados en un CB-FBR según los 
experimentos recogidos en la tabla 3.1. Los datos de la concentración celular frente al tiempo 
de cultivo para cada uno de los tratamientos se muestran en la Fig. 4.3. La velocidad de 
crecimiento más alta de A. carterae se obtuvo en el tratamiento OST (ver tabla 3.1), superando 
al control estático. Igualmente se puede observar que uno de los tratamientos identificado como 
de los más severos para K. veneficum (LST-1) también fue perjudicial para A. carterae. Sin 
embargo, N. gaditana resistió satisfactoriamente el tratamiento LST-1. Por otro lado, el 
crecimiento de A. carterae fue moderadamente inhibido bajo el otro tratamiento letal (LST-2), 
informado como perjudicial para K. veneficum [95], aunque alcanzó la misma concentración 
celular final que el cultivo control.  
 
Figura 4.3. Influencia de las diferentes combinaciones de parámetros operacionales y de diseño sobre la 
cinética de crecimiento de cultivos de A. carterae y N. gaditana en fotobiorreactores de columna de burbujeo. 
Cada punto es el promedio de dos réplicas, las barras verticales corresponden a la DE. Publicación Nº 1.   
Este estudio ha demostrado que A. carterae es ligeramente más resistente que K. 
veneficum aunque, como suele ser común con la clase dinoflagellata, es mucho más sensible a 
fuerzas de corte que otras microalgas clásicas no dinoflageladas como N. gaditana. En vista de 
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los resultados mostrados en la Fig. 4.3. se seleccionó la combinación OST para  cultivar A. 
carterae en columnas de burbujeo de mayor volumen. 
4.2.3. Mejoras en el medio de cultivo 
Se han realizado dos estudios a escala de laboratorio para mejorar el medio de cultivo 
para la especie A. carterae. En un primer trabajo se ha investigado la aclimatación de esta 
especie a diferentes fuentes de nitrógeno (nitrato, amonio y urea) en el medio de cultivo, tanto 
de forma combinada como de forma individual. Igualmente, se evaluó su tolerancia a estas 
fuentes con amplios rangos de concentración. Por otro lado, en un segundo trabajo se ha 
investigado la viabilidad de reutilizar el medio de cultivo libre de células y en qué porcentaje.  
Además, los resultados obtenidos en estos dos trabajos (Artículos Nº 7 y Nº 8 de la Fig. 
I, ver resumen) apuntan hacia la necesidad de mejorar los diseños experimentales de cultivo de 
microalgas a escala de laboratorio, con el objetivo de tener en cuenta la aclimatación, y así, 
reducir la variabilidad de resultados encontrados en la literatura en condiciones de cultivo 
aparentemente similares. La evaluación adecuada de la aclimatación a las nuevas condiciones 
de cultivo es esencial para la obtención de resultados de cultivo sólidos. En los estudios aquí 
presentados se ha observado que con determinados tratamientos son necesarios varios 
subcultivos para establecer parámetros cinéticos robustos. 
4.2.3.1. Aclimatación a diferentes fuentes de nitrógeno 
En este trabajo se estudió la aclimatación de A. carterae a diferentes fuentes de nitrógeno 
y rangos de concentración. El inóculo de A. carterae que se ha utilizado en este estudio se 
mantuvo previamente durante un largo período (> 1 año) en medio f/2 (N-NO3 =882 µM, como 
única fuente de nitrógeno). Para estudiar la aclimatación celular a cada una de las 
composiciones de medio de cultivo ensayadas, se realizaron tres subcultivos en cada 
experimento de los recogidos en la Tabla 3.2. Los resultados de la ANOVA mostraron que el 
subcultivo tuvo un efecto estadísticamente significativo sobre varios parámetros cinéticos. 
Respecto a los tratamientos, la aclimatación a N-nitrato como única fuente de nitrógeno 
(CTRL), como era de esperar, no presentó variabilidad entre los subcultivos. Esto resultados 
fueron los esperados, debido a que el inóculo de partida estaba pre-aclimatado a esta fuente de 
nitrógeno. Por otro lado, estos resultados corroboraron que A. carterae presenta una excelente 
tolerancia al nitrato como fuente de nitrógeno. Respecto a la aclimatación a N-amonio como 
única fuente de nitrógeno (AMO), la toxicidad se fue haciendo evidente con los subcultivos no 
quedando células intactas al final del tercer subcultivo. Los resultados de los experimentos de 
aclimatación a N-urea como única fuente de nitrógeno (URE), indican que la especie A. 




carterae puede asimilar eficientemente urea como única fuente de nitrógeno, y lograr 
velocidades de crecimiento y una capacidad fotosintética comparables al control. 
Los estudios de aclimatación que se realizaron en tratamientos donde se combinaban dos 
fuentes de nitrógeno a la vez son los descritos en la tabla 3.2. N-nitrato y N-amonio juntos 
(AMO1-4), igualmente estuvieron dominados por la toxicidad relacionada con la concentración 
de N-amonio. Para el caso de N-nitrato y N-urea juntos (URE1-4). La mayoría de los 
parámetros cinéticos se estabilizaron después del segundo subcultivo indicando aclimatación. 
En general, los niveles de todos los tratamientos ensayados fueron más cercanos a los 
determinados en el CTRL (solo nitrato como fuente de nitrógeno) que los determinados en el 
tratamiento URE (solo urea como fuente de N). Los resultados evidencian que la especie A. 
carterae presenta una alta tolerancia al N-urea y que hay una mayor afinidad por el nitrógeno 
N-nitrato que por N-urea. 
El efecto del uso de las tres fuentes juntas sobre la respuesta de aclimatación de A. 
carterae se exploró mediante los tratamientos NUA1-4 descritos en la Tabla 3.2. Las 
concentraciones de nitrógeno utilizadas en los experimentos NUA1-4 en forma de N-nitrato y 
N-urea fueron inferiores a las aplicados en los tratamientos URE1-3 para los que no se 
observaron efectos inhibitorios en el crecimiento. Con todo, la inhibición del crecimiento 
observada en los experimentos NUA1-3 se atribuye principalmente a la toxicidad asociada al 
N-amonio. En estos experimentos la concentración de N-amonio era igual o superior a 441 µM, 
indicando que el nivel de tolerancia de la especie A. carterae está por debajo de este valor. 
Además, los resultados confirmaron que esta especie es capaz de eliminar simultáneamente las 
tres fuentes de nitrógeno.  
En la Fig. 4.4, se muestran los resultados de la concentración celular frente al tiempo de 
cada tratamiento en los cultivos ya aclimatados (subcultivo nº3). Se aprecia que, A. Carterae 
puede ser cultivada con éxito en un amplio rango de combinaciones de fuentes de nitrógeno 
(tratamientos CTRL, URE, AMO, URE1-4 y NUA4) destacando la combinación NUA4, ya que 
demuestra que puede crecer con las tres fuentes de nitrógeno juntas. 
 





Figura 4.4. Variación de la concentración celular frente al tiempo de cultivo para el tercer subcultivo de cada 
tratamiento (aclimatado). Los datos experimentales se dan como el promedio de los cultivos duplicados ± DE. 
Las fuentes de nitrógeno son: A) una única fuente de N (nitrato, amonio o urea); B) nitrato y amonio; C) nitrato 
y urea; y D) nitrato, amonio y urea. Publicación Nº  
4.2.3.2. Aclimatación al medio reutilizado y optimización de su porcentaje 
En este estudio se evaluó la viabilidad de reutilizar el sobrenadante libre de células en el 
cultivo de A. carterae. El diseño experimental se ha descrito pormenorizadamente en el 
apartado 3.1.2.3.  
En la Fig. 4.5 se muestran los valores de µmax y de la productividad relativa al control 
(Pcell) para los diferentes tratamientos una vez que se logró la aclimatación. La Pcell muestra un 
ligero aumento con RM25 y RM50 en comparación con el CTRL. El uso de medio reutilizado 
al 75% (RM75) aumentó la Pcell aproximadamente 2-3 veces en comparación con el cultivo de 
control. Por último, el cultivo en medio 100% reutilizado (RM100) no mejoró 
significativamente la Pcell en comparación con RM75.  Respecto a los cultivos realizados con 
el sobrenadante libre de células tratado en una columna de adsorción C18, hay que utilizar 























































estadísticamente significativas en el efecto positivo provocado a partir de dicho porcentaje, y 
siempre inferior a los correspondientes en ausencia de tratamiento con la columna de adsorción. 
Aparentemente, la columna C18 retuvo algunas de las sustancias estimulantes del crecimiento.  
Ya que se pudieron realizar cuatro subcultivos sin detectar efectos negativos sobre la 
productividad, este estudio demostró que el medio reutilizado RM100 se puede utilizar un 
mínimo de 4 veces sin que se observen efectos inhibitorios en el cultivo de la especie A. 
carterae. 
 
Figura 4.5. Valores de Pcell y µmax relativos al cultivo control en función del porcentaje de medio reciclado con o 
sin tratamiento previo en una columna C18. Los valores indicados por una letra diferente difieren 
significativamente. Las siglas corresponden a experimentos de control (CTRL) llevados a cabo con medio fresco 
f/2 (N:P= 5), experimentos con diferentes porcentajes de medio reutilizado (% RM) y experimentos con medio 
reutilizado pasado a través de una columna C18 antes del cultivo (% C18). Publicación Nº 8.  
 
4.3. Cultivo en fotobiorreactores iluminados con LEDs 
Los resultados de las secciones anteriores sirvieron de base para los estudios de escalado 
del bioproceso a partir de la microalga A. carterae. Los fotobiorreactores seleccionados fueron 
tipo columna de burbujeo y tipo raceway iluminados con LEDs. Publicaciones Nº 1 y Nº 2. 
4.3.1. Cultivo en un fotobiorreactor cerrado tipo columna de burbujeo 
La especie A. carterae se cultivó en un CB-FBR iluminado con LEDs multicolor y con 
un volumen de cultivo de 80 L (Fig. 3.1e). En la Fig. 4.6 se muestran los resultados de este 
cultivo en modo fed-batch. La velocidad de aireación que se fijó es la identificada como óptima 
en el apartado 4.2.2 (combinación OST). El experimento comenzó en la etapa 1 (S1) con un 
valor de irradiancia Iomax de 220 µE·m-2·s-1 para facilitar la adaptación de las células del inóculo 
a las nuevas condiciones en el fotobiorreactor. Tras dos días de adaptación inicial, se incrementó 
% Recycled medium




















Without treatment in C18 column
























Iomax (S2) hasta un valor final de 1.500 µE·m-2·s-1 (Yave = 424 μE·m-2·s-1), este valor se 
seleccionó basándose en los resultados mostrados en el apartado 4.2.1. Con este valor se 
garantizó que el crecimiento no estuviese limitado por luz hasta que no se alcanzaran 
concentraciones celulares altas. Tras cada estabilización de la concentración celular, se 
realizaron cinco adiciones sucesivas de nutrientes (etapas S3 a S7) correspondientes al medio 
K mod. ×1. Los valores más altos de µm que se obtuvieron fueron para las etapas S1 y S2 (0,617 
y 0,782 día-1, respectivamente), esos valores son del orden de los obtenidos a escala de 
laboratorio (ver Fig.4.2). La estrategia operacional del cultivo fue que el crecimiento estuviera 
limitado por fósforo para intentar estimular la sobreprodución de metabolitos secundarios. Por 
el contrario, en todo el periodo de cultivo el nitrógeno se adicionó en exceso y se acumuló tras 
cada adicción. Obviamente, la cantidad de células y biomasa ganada por el cultivo disminuyó 
para cada etapa, ya que la disponibilidad de P por célula disminuyó notablemente. El valor de 
Fv/Fm no cambió significativamente durante todo el cultivo, siendo el valor medio de 0,60 ± 
0,02 indicativo de células sanas. Los valores de la concentración celular en la fase estacionaria 
final del cultivo (S8) fueron N= 1,70 ± 0,04 × 106 células·mL-1 y Cb = 0,54 ± 0,01 g dw·L-1. 
Estos valores son entre 5-6 veces superiores a los obtenidos a escala de laboratorio. 
 
Figura 4.6. Evolución con el tiempo de los valores de N, Cb, µ y Yave en el cultivo de A. carterae en el CB-FBR 
de escala piloto. Las flechas indican los instantes en los que se adicionaron los nutrientes del medio. Los puntos 
son promedios y las barras verticales son DE de muestras duplicadas. Publicación Nº 1. 
 
4.3.2. Cultivo en el fotobiorreactor abierto tipo raceway 
La especie A. carterae se cultivó en el RW-FBR de 33 L (Fig. 3.1d). La estrategia 
operativa se resume en detalle en la Tabla 3.3. En la figura 4.7 se muestran los resultados del 
cultivo. El valor de FV/FM no cambió significativamente, siendo el valor promedio de 0,62 ± 
0,02, indicativo de que las células estuvieron sanas durante todo el tiempo de cultivo. Se 
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comenzó en modo discontinuo (Tratamiento 1) con un valor inicial de Yo de 100 µE·m2·s1. 
Después se impuso un modo fed-batch (Tratamiento 2) hasta el día 27. En ambos tratamientos, 
la estrategia operacional derivó en que el P fuese el reactivo limitante (similar al cultivo en CB-
FBR, descrito en el apartado 4.3.1). Se observaron los mismos resultados que en el cultivo de 
CB-FBR, la velocidad de generación de nuevas células iba disminuyendo con cada reposición, 
descartándose una limitación del crecimiento por luz ya que el P era rápidamente consumido 
por las células. Aparentemente, estos resultados parecen sugerir que el cultivo realizado en 
modo discontinuo con una relación alta N:P = 24 (relación del medio f/2) convierten al fósforo 
en el nutriente limitante y en un fuerte regulador del crecimiento, observándose un crecimiento 
poco equilibrado y con dificultades para sostenerse en el tiempo. A partir del día 27 
(tratamientos 3 a 7 de la Tabla 3.3), el cultivo se operó en modo semicontinuo y con una relación 
N:P=5. En todos los casos, el valor de concentración celular final (Nf) alcanzado aumentó 
progresivamente a medida que tanto la Yo y/o la concentración de nutrientes basada en la 
proporción de nutrientes en el medio f /2 (es decir, f /2 ×i) aumentaba. Como se muestra en la 
figura 4.7, el tratamiento 7 (f/2 N:P = 5, en una proporción ×3), fue el que mayor productividad 
celular proporcionó. Los valores de la concentración máxima fueron N= 5,02 ± 0,04 × 106 
células·mL-1 y Cb = 0,54 ± 0,01 g dw·L-1, muy superiores (5-6 veces) a los obtenidos en los 
cultivos de escala de laboratorio realizados en los T-flask. Estos resultados muestran que las 
formulaciones tradicionales de los medios de cultivo son totalmente insatisfactorias para 
alcanzar altas productividades en los cultivos a media-gran escala de dinoflagelados, siendo 
necesaria una optimización de la relación N:P antes de abordar el escalado de los cultivos. 
 
Figura 4.7. Dinámica para el cultivo secuencial de la microalga A. carterae en un RW-FBR. Cambios a lo largo 
del tiempo de cultivo en los valores de N y FV/FM. Las líneas verticales de puntos delimitan los diferentes 
conjuntos experimentales realizados de acuerdo con la estrategia descrita en la Tabla 3.3. Los puntos son los 
datos promediados de dos muestras y las barras verticales son DE. Publicación Nº 2. 
4.3.3. Comparativa entre los sistemas de cultivo CB-FBR y RW-FBR  
En la Fig. 4.8 se muestran los resultados de las productividades de biomasa máximas, Pf, 
obtenidas en los dos FBRs con el fin de comparar los sistemas de cultivo utilizados para A. 
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carterae. Aunque se han seguido diferentes estrategias de cultivo en ambos FBRs (ver apartados 
3.1.2.4 y 3.1.2.5) es posible comparar los resultados obtenidos en modo Fed-batch (Fb) entre 
ambos y los modos Fb y semicontinuo (Sc) entre sí en el RW-FBR. Respecto a la Pf volumétrica 
de biomasa en modo Fb, los valores obtenidos para el CB-FBR fueron de Pf = 0,017 ± 0,001 
g·L-1·d-1, un 26% superior que para el RW-FBR (Pf = 0,013 ± 0,001 g·L-1·d-1). Además, como 
era de esperar, Pf  por unidad de área de suelo ocupada (g·m-2·día-1) es muy superior en el CB-
FBR Fb, alrededor de 30 veces superior al del cultivo en el RW-FBR. ii) Pf volumétrica en 
términos de biomasa obtenida en modo semicontinuo en el Set 7 fue de 0,048 ± 0,001 g·L-1·d-
1, valor que casi cuatriplica a la correspondiente al modo feed-batch. Este valor es el más alto 
obtenido en los dos reactores a escala piloto y muestra la superioridad del modo semicontinuo 
con un medio de composición adecuada sobre el feed-batch con un medio no optimizado. En 
vista de los resultados mostrados, A. carterae ha demostrado robustez para cultivarse en FBRs 
convencionales. Sería necesaria una comparación en modo discontinuo con la formulación del 
medio adecuada entre ambos diseños para poder seleccionar el más adecuado para ser integrado 
en un bioproceso económicamente más viable con este dinoflagelado. 
 
Figura 4.8. Comparación en términos de productividad máxima de biomasa (Pf), entre los sistemas de cultivo a 
escala piloto utilizados con A. carterae y operados en modo feb-batch (Fb) y semicontinuo (Sc). Los puntos son 
los datos promediados y las barras verticales son DE.   
 
4.4. Recuperación de células. Centrifugación 
El cosechado de la biomasa se considera un paso crítico debido al alto coste que supone 
en un bioproceso basado en microalgas. La centrifugación es una operación de separación 
ampliamente utilizada en el cosechado de la biomasa microalgal por ser un método rápido y, en 
muchos casos, porque se puede utilizar como un proceso de separación de una sola etapa. El 
diseño experimental se describe en el apartado 3.1.5, y en la Fig. 4.9a se muestran los resultados 
de todos los experimentos realizados para la especie A. carterae. Se definió un parámetro 
adimensional, Ce, definido como el cociente entre el tiempo del tratamiento de centrifugación 

































(tc) y el tiempo necesario para la sedimentación de toda la biomasa (ts): Ce  = tc/ts. El uso de 
este parámetro permitió organizar los datos experimentales frente a la aceleración centrífuga 
del tratamiento de centrifugación, gc. De esta forma se pudo identificar “una ventana 
operacional” entre el tiempo mínimo necesario para la recuperación total de la biomasa, Ce=1, 
y el tiempo de tratamiento que comienza a dañar las células, Ce crítico, que para A. carterae 
fue de 80. Todas las combinaciones de tc y gc que se encuentren dentro de la “ventana 
operacional” darán como resultado una recuperación celular completa sin producir ningún tipo 
de daño celular. Para combinaciones por debajo de la línea que representa Ce = 1, el tratamiento 
será deficiente y no se recuperarán todas las células y para combinaciones por encima de la 
línea que representa Ce = 80, las células sufrirán daño. El tiempo de sedimentación se determinó 
experimentalmente y se comparó con el obtenido a partir de la ecuación de Stokes y de 
simulaciones CFD. Se observó que el predicho por la ecuación de Stokes era muy inferior al 
experimental, mientras que el obtenido de las simulaciones era prácticamente coincidente con 
los valores experimentales. Las simulaciones CFD fueron especialmente útiles para determinar 
campos de velocidad de corte y tiempos de sedimentación en aquellas combinaciones en las 
que no era posible determinarlos experimentalmente por ser inferior a 2 minutos. 
 
Figura 4.9. (A) Ventana operacional para la centrifugación de cultivos de A. carterae. Con Ce = 1 se consigue 
la separación celular completa y Ce = 80 es el "Ce crítico". (B) Ventana operacional para la centrifugación de 
cultivos de D. salina (Ce crítico= 5600). C) Ventana operacional para la centrifugación de cultivos de S. exigua 
(Ce crítico = 3,5). Publicación Nº 4 y Nº 6. 
La metodología descrita basada en Ce, se aplicó a la operación de centrifugación de una 
microalga convencional, Dunaliella salina, y una línea de células de insecto de Spodoptera 
gc (xg)










































































exigua, Se301. Como se observa en las figuras 4.9b y 4.9c se obtuvieron las correspondientes 
ventana operacionales para cada una de estas líneas celulares. Como se observa en la figura 
4.9b, D. salina es la línea celular que presenta una ventana operacional más amplia, por lo que 
es posible recuperar la totalidad de las células con gran flexibilidad sin producir daño celular. 
Sin embargo, la línea Se301 presentó la ventana operacional más estrecha y, por tanto, es 
necesario prestar especial atención a esta operación si no se quiere dañar irreversiblemente a 
las células. La metodología desarrollada basada en Ce permite seleccionar fácilmente cualquier 
combinación de tc y gc seguro para cualquier línea celular de interés. 
Por último, puesto que en los laboratorios hay una gran variedad de tubos con los que 
realizar la centrifugación se compararon los tiempos de sedimentación obtenidos con tubos 
Falcon de 50 mL (F50) y tubos Falcon de 15 mL (F15) con la línea celular Se301. Los resultados 
experimentales y las simulaciones CFD demostraron que no había efecto ni de la geometría ni 
del tamaño en la recuperación celular. Las simulaciones CFD han demostrado ser una 
herramienta muy útil en el diseño de operaciones que constituyen la base de un bioproceso 
como es la recuperación de células. 
 
4.5. Productos y su potencial biotecnológico 
La microalga dinoflagelada A. carterae es una fuente muy interesante de compuestos 
bioactivos. Por una parte, produce de forma única en la naturaleza, anfidinoles y amfidinólidos 
(APDs), un grupo de metabolitos policétidos con actividad hemolítica, anticancerígena, y 
antifúngicas. Y por otra parte son productores de bioproductos de alto valor comunes a otros 
grupos de microalgas, como son los pigmentos carotenoides y los ácidos grasos poliinsaturados 
EPA y DHA. Las publicaciones que recogen aportaciones en este tema son la Nº 1, Nº 2 y Nº 
5 (ver Fig. I ). 
4.5.1. Obtención de APDs a partir del sobrenadante 
El método se describe en el apartado 3.2.1, y en la figura 3.2 se muestra un diagrama de 
flujo del proceso esquemático general para purificar APDs a partir del sobrenadante de un 
cultivo en la CB-FBR a escala piloto de la estirpe ACRN03, ver apartado 4.3.1. El proceso 
consta de tres etapas: i) producción y separación de la biomasa y sobrenadante; ii) extracción 
de APDS de sobrenadantes mediante cromatografía de fase inversa; y iii) purificación 
cromatográfica del extracto enriquecido con APDs del que se identificarion luteofanol D y 
lingshuiol A de alta pureza (> 95% de pureza), y un APD nuevo, el amphidinol 20, casi puro 
(> 80% de pureza). Las estructuras moleculares se muestran en la Figura 4.10. La concentración 




en el sobrenadante del cultivo de luteophanol D, lingshuiol A y amphidinol 20 fue de 490, 191 
y 152 µg·L-1, respectivamente. Al tratarse de compuestos hidrosolubles, la recuperación de los 
APDs desde el sobrenadante de cultivos de A. carterae es más sencilla que desde la biomasa, 
ya que la interferencia de otros compuestos celulares importantes (es decir, lípidos, ácidos 
grasos, etc.) en el proceso de purificación es menor, aunque ello supone el tratar grandes 
volúmenes de agua para recuperar pequeñas cantidades de productos. Sin embargo, el proceso 
desarrollado presenta beneficios ambientales, ya que el sobrenadante libre de APDs se puede 
reutilizar para reformular el medio de cultivo y el metanol utilizado como disolvente en la 








Figura 4.10. Estructuras moleculares del luteophanol D (1), lingshuiol A (2) y amphidinol 20 (3). Publicación Nº 
1. 
4.5.2. Bioproductos de interés a partir de la biomasa 
La biomasa obtenida en un cultivo de larga duración (aprox. 6 meses) en el RW-FBR, ver 








4.5.2.1. APDs  
La identificación y el contenido de APDs en la biomasa de A. carterae fue posible con la 
combinación de las técnicas de RMN y ESI-MS, ver apartado 3.2.4. Se pudieron identificar dos 
amphidinoles ya conocidos para la especie A. carterae; amphidinol A (m/z=1361.8) y 
amphidinol B (m/z=1417.8). En la Fig. 4.11, se muestra la fórmula química desarrollada de 
ambos compuestos. 
 
Figura 4.11. Estructuras moleculares del Amphidinol A (1) y del Amphidinol B (2). Extraido de [141]. 
La concentración de APDs totales en la biomasa se determinó a partir de los valores 
obtenidos en los espectros de 1H-RMN. El contenido celular se vio influenciado 
significativamente por las condiciones de cultivo en los cultivos semicontinuos (set 3-7), ver 
tabla 3.3. Este aumentó desde 0,23% (d.w) en el set 3 hasta 1,1% (d.w) en el set 7, es decir un 
aumento de más de un 400%. La transición del tratamiento 6 al 7 está caracterizada por el 
aumento del ciclo de luz a 24:0 (L/D). Estos resultados sugieren que el aumento en el contenido 
de APDs es debido a la regulación del estrés lumínico, principalmente aumentando el 
metabolismo de los carbohidratos para apoyar la biosíntesis de compuestos protectores, y 
disminuyendo la síntesis de aminoácidos y proteínas. 
4.5.2.2. Ácidos grasos y Pigmentos 
La concentración de pigmentos y ácidos grados saponificables (FA) contenidos en la 
biomasa de A. carterae se determinaron según las técnicas descritas en los apartados 3.2.3.1 y 
3.2.3.2 respectivamente. En las figuras 4.12a y 4.12b, se muestran los gráficos de radar que 
representan la distribución de los AG y el perfil de los PUFAs más importantes identificados 
en la biomasa de A. carterae cultivada en modo semicontinuo (set 3 a 7, ver Tabla 3.3). Los 
PUFAs identificados con mayor concentración fueron el ácido estearidónico (SDA; 18:4n3), 
EPA (20:5n3) y DHA (22:6n3). El contenido total de FA no se vio afectado significativamente 
por las condiciones ambientales probadas en los cultivos semicontinuos (aumento de intensidad 
de luz y concentración de nutrientes), con un valor promedio de FA de 13,0 ± 0,9% d.w. de la 




biomasa para todos los tratamientos. La productividad máxima PUFAs de la biomasa se 
encontró en el tratamiento 7, con un valor promedio de 2,19 ± 0,55 mg·L-1·día-1 y contenidos 
medios de EPA y DHA en peso seco de la biomasa de 1,69 ± 0,31% d.w. y 3,47 ± 0,4% d.w. 
Aunque la concentración de cada pigmento mostró diferencias importantes entre tratamientos, 
todas las muestras analizadas contenían diadinocromo, β-caroteno, peridininol, diatoxantina, 
dinoxantina, pirroxantina, diadinoxantina, clorofila c2, peridinina y clorofila a. Este perfil de 
pigmentos es característico de los dinoflagelados, en los que la clorofila a es el pigmento 
principal y la peridinina el principal carotenoide. En las figuras 4.12c y 4.12d se muestra el 
contenido de los pigmentos mayoritarios; clorofila a y peridinina respectivamente. El valor de 
la concentración de peridinina osciló entre el 0.2-0.9% d.w. de la biomasa, siendo el valor 
máximo en el set 7, sugiriendo, al igual que con los APDs que su concentración aumenta con 
el estrés lumínico. Este carotenoide es de especial interés debido a la ausencia de fuentes 
naturales alternativas no microalgales. Los rendimientos totales de pigmentos, expresados 
como porcentaje en peso seco de biomasa, variaron desde el 0,75 ± 0,15% para el Set 4 hasta 
el 3,26 ± 0,29% para el set 7. Los carotenoides representaron entre el 0,33 ± 0,07% y el 1,34 ± 
0,13% del peso seco de la biomasa para el set 7.  
  
  
Figura 4.12. A) Porcentaje de SFAs, MUFAs y PUFAs respecto al contenido total de AG en la biomasa; B) 
Porcentaje de PUFAs mayoritarios sobre peso seco de la biomasa; C) Concentración de clorofila a expresada 
en volumen de cultivo (µg·L-1), contenido específico de células (pg·célula-1) y porcentaje de peso seco de 
biomasa (% en peso seco); D) Concentración de peridinina expresada en µg·L-1, pg·célula-1 y % en peso seco. 
Los puntos son los datos promediados y las barras verticales corresponden a las DE. Publicación Nº 2. 
4.5.2.3. Análisis metabolómico de la biomasa mediante RMN 
Se realizó un estudio metabolómico mediante RMN acoplado a análisis de datos 
multivariados para encontrar relaciones entre los metabolitos celulares principales presentes en 
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la biomasa y los tratamientos realizados en el cultivo en el modo semicontinuo (set 3 a set 7), 
ver tabla 3.3. En la Fig. 4.13 se muestra un mapa de calor que proporciona una visualización 
intuitiva de las variaciones metabólicas durante el cultivo, en función del tipo de tratamiento. 
Por tanto, es posible visualizar qué metabolitos aumentan o disminuyen en un grupo de 
muestras en particular. En general los resultados indican que existen notables diferencias entre 
los diferentes tratamientos. En líneas generales, las muestras de biomasa cosechadas con las 
concentraciones más altas de nutrientes e iluminadas con irradiancias elevadas (es decir, set 6 
y set 7, ver tabla 3.3) muestran los niveles más altos de la mayoría de los aminoácidos libres 
exceptuando glutamato. Igualmente, los niveles de carbohidratos (glucosa, galactosa) también 
fueron más altos en los sets 6 y 7. El set 6 mostró un contenido máximo de pigmentos, clorofila 
a y peridinina. Los PUFAs DHA y EPA mostraron su nivel más alto de producción en los sets 
5 y 7, respectivamente. Los APDs también están claramente más concentrados en el set 7, de 
acuerdo con los resultados anteriores, ver apartado 4.5.2.1. Los resultados del estudio de 
metabolómica sugieren que altos niveles de irradiancia y concentración de nutrientes favorecen 
la síntesis de APDs a costa de la generación de carbohidratos estando ambos, de alguna forma, 
relacionados. 





Figura 4.13. Mapa de calor que muestra la evolución de los metabolitos celulares determinados en 
los extractos de biomasa de A. carterae en función de las condiciones de cultivo impuestas en los set 
3 a set 7. El eje X representa el promedio de ocho réplicas para cada tratamiento. El esquema de color 
representa la variación del contenido metabólico entre los 5 grupos, evoluciona de una escala de azul 
oscuro (contenido más bajo) a rojo oscuro (contenido más alto). Publicación Nº 5. 




4.5.3. Potencial biotecnológico 
En los estudios realizados se ha mostrado como la microalga A. carterae es una fuente de 
bioproductos de interés biotecnológico. Produce APDs, un grupo muy interesante de 
metabolitos con potentes actividades anticancerígenas y hemolíticas, lo que supone un potencial 
interés en su incorporación a la industria farmacéutica. Igualmente, esta línea, A. carterae es 
capaz de producir productos de interés biotecnológico como son: la peridinina, siendo un 
pigmento marcador único en la mayoría de los dinoflagelados con aplicaciones tecnológicas 
interesantes debido a sus propiedades fotofísicas únicas y su uso potencial en medicina como 
agente terapéutico contra diferentes enfermedades; ácidos grasos poliinsaturados omega-3 
(PUFAs), EPA y DHA, que tienen enormes aplicaciones nutracéuticas y farmacéuticas. El 
aprovechamiento de estos bioproductos bajo el concepto de la biorrefinería reduciría los costos 
generales de producción de APDs. 
En la Fig. 4.14a se muestran los resultados de los ensayos de actividad hemolítica 
realizados en la biomasa de A. carterae cultivada en el CB-FBR (apartado 4.3.1). Los valores 
de potencia de saponina equivalente (ESP) oscilaron entre 52 ± 3 pg de célula-1 al comienzo del 
cultivo y 496 ± 22 pg de célula-1 en el día de cosechado. Igualmente, en la figura 4.14b se 
muestran los ensayos hemolíticos realizados a la biomasa de A. carterae obtenida en la fase de 
cultivo semicontinuo del RW-FBR (apartado 4.3.2) (sets 3 a 7). Es notorio el aumento de la 
actividad hemolítica de la biomasa a lo largo del cultivo, especialmente desde el set 6 al set 7 
(casi 3 veces). En el set 7 la ESP alcanzó su máximo con un valor de 2.103 ± 440 pg célula-1.  
  
Figura 4.14. A) Concentración de fosfato en el medio ([PO4-3]) y EC50 a lo largo del tiempo para el cultivo 
realizado en el BC-PBR. B) ESP promedio del cultivo de A. carterae en un RW-FBR en los tratamientos donde 
se opera en modo discontinuo. Los puntos son el promedio de 2 muestras y las barras verticales DE. Publicación 
Nº 1 y Nº 2. 
Por último, también se realizaron ensayos antiproliferativos frente a cuatro líneas de 
células tumorales humanas. Los resultados de las muestras de biomasa de A. carterae 
cosechadas en el cultivo del RW-FBR (apartado 4.3.2) presentaron una alta actividad 
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antiproliferativa (<-80%) contra las 4 líneas tumorales, por lo que prácticamente no se obtuvo 
selectividad antiproliferativa.  
4.6. Bioeconomía circular 
El desarrollo de cualquier bioproceso sostenible basado en microalgas debe incorporar la 
valorización de buena parte de la biomasa, la posibilidad de utilizar aguas residuales y/o 
efluentes provenientes de la industria para la formulación del medio de cultivo, y la reutilización 
del medio de cultivo agotado tanto como sea posible. Las publicaciones que recogen 
aportaciones en este tema son la Nº 7 y Nº 8 (ver Fig. I ). 
En la Fig. I se representan la/s aportación/es de cada publicación para la elaboración del 
contenido de este apartado. 
4.6.1. Reutilización del medio de cultivo. Sostenibilidad 
Se evaluó la posibilidad de reutilizar el medio de cultivo libre de células, determinando 
su influencia sobre la cinética de crecimiento y la producción de bioproductos con el cultivo 
realizado en el RW-FBR. Esto se realizó continuando el cultivo descrito en el apartado 4.3.2 
(Set 7), utilizando como porcentaje óptimo de medio agotado (%) el seleccionado en los 
experimentos a escala de laboratorio, descrito en el 4.2.3.2. Los subcultivos, por tanto, se 
realizaron a partir del día 172 de cultivo y las condiciones de cultivo fueron las correspondientes 
al set 7 (ver tabla 3.3). 
4.6.1.1. Influencia del medio reciclado (MR) en el cultivo de A. carterae  
Los resultados del cultivo llevado a cabo reutilizando el 75% del medio de cultivo en el 
RW-PBR según se describe en el apartado 3.1.2.5, se muestran en la Fig. 4.15. Se alcanzó un 
valor de Nmax promedio de aproximadamente 4,7 ± 0,2·106 células·mL-1 para los tres 
tratamientos. El valor promedio de FV/FM para todos los tratamientos fue de 0,61 ± 0,03. Los 
resultados mostrados indicarían que se puede reutilizar una gran proporción del sobrenadante 
agotado en el cultivo a gran escala de A. carterae sin pérdida apreciable de productividad de 
biomasa ni efectos negativos sobre la salud celular. Este hecho es de gran importancia pues 
mejora notablemente la sostenibilidad del cultivo a gran escala de este dinoflagelado ya que se 
reduce el consumo de agua y se incrementa el aprovechamiento de los nutrientes.  




Figura 4.15. Evolución con el tiempo de los valores de la concentración celular, N, y la fluorescencia de las clorofilas, 
FV/FM. Las líneas verticales de puntos delimitan los diferentes tratamientos realizados. Se representan los dos últimos 
subcultivos del SET8, correspondiendo los sets RM1 y RM2 a dos cultivos semicontinuos consecutivos con medio 
reutilizado. I y II se refieren a los dos subcultivos en cada set. Los puntos son los datos promediados y las barras 
verticales la DE. Publicación Nº 8, 
4.6.1.2. Influencia del MR en la producción de APDs. Potencial biotecnológico  
La actividad hemolítica de los extractos celulares se utilizó para determinar la 
concentración de APDs en la biomasa, se describe en el apartado 3.2.4. En la figura 4.16a se 
muestra la concentración de APDs (% d.w) en la biomasa de los cultivos en el momento del 
cosechado. La concentración de APDs osciló entre 0,65-1,1 % d.w, las variaciones observadas 
pueden ser debidas a que el proceso de aclimatación al medio reutilizado, afecten al contenido 
de APDs. Se obtuvo un rendimiento máximo de APDs de 5,4 mg·L-1 para el tratamiento RM2. 
Respecto a su potencial biotecnológico, en la figura 4.17b se muestran los valores de ESP a lo 
largo de los seis subcultivos. El valor máximo de 2.000 pg·célula-1 corresponde al RM1-II, 
seguido del RM2-I, sin diferencias significativas entre los valores del Set8 y RM2. La biomasa 
cosechada en RM2 también exhibió una fuerte actividad antiproliferativa (porcentaje de 
supervivencia ≤ -80%) contra las cuatro líneas de células tumorales utilizadas (HT29, A549, 
MDA-MB-231 y PSN1). Esto es consistente con la actividad hemolítica observada debido a la 
presencia de APDs. Estos resultados confirman una vez más, el uso potencial de los APDs en 
la industria biomédica. Además, a la vista de estos resultados, A. carterae se puede cultivar de 
forma sostenible y robusta en el tiempo en un FBR convencional utilizando medio reutilizado, 
por lo que esta especie se postula como una fuente de suministro a mediana y gran escala de 
valiosos bioproductos bajo el concepto de bioeconomía circular. 
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Figura 4.16. Caracterización de la biomasa de A. carterae en función del Set de cultivo. A) Porcentaje en peso 
seco de biomasa para AG totales, pigmentos totales y APDs. B) ESP. Los datos son promedios de dos 
determinaciones por muestra y las barras verticales son DE. Los datos con letras diferentes entre conjuntos 
para cada especie son estadísticamente diferentes. El set 8 se realizó con medio fresco y los conjuntos RM1 y 
RM2 corresponden a dos cultivos semicontinuos consecutivos llevados a cabo con medio reutilizado. I y II se 
refieren a dos subcultivos consecutivos dentro de cada bloque. Publicación Nº 8. 
4.6.1.3. Influencia del MR en la producción de AG saponificables y pigmentos.  
En la Fig. 4.16a se muestran los resultados obtenidos para los AG saponificables y 
pigmentos en el cultivo con medio reutilizado (SET8, RM1 y RM2), ver figura 4.16. Respecto 
a los AG, la biomasa siempre fue rica, por este orden, en DHA, SDA y EPA. La concentración 
de DHA en la biomasa mostró un valor promedio de ~5% d.w., y no hubo diferencias 
estadísticamente significativas entre tratamientos. La concentración de SDA disminuyó 
linealmente, encontrándose diferencias estadísticamente significativas entre el SET8 (2,6% 
d.w.) y el RM2 (1,75% d.w.) y, por último, la concentración promediada de EPA (1,8% d.w.) 
no difirió significativamente entre los tres tratamientos. El contenido total de AG saponificables 
no varió prácticamente entre tratamientos, con una concentración promedio de 15,9 ± 0,8% d.w. 
(Fig. 17a). Por tanto, la reutilización del medio no influyó significativamente en el contenido 
de AG. Los rendimientos máximos promedio de PUFA y DHA fueron de 3,98 y 2,90 mg·L-1, 
respectivamente. Con los resultados obtenidos, se ha demostrado que la especie A. carterae es 
una fuente robusta de DHA, ya que soporta la reutilización de medio sin ningún efecto 
significativo sobre la producción de DHA durante un período de cultivo muy largo. 
En cuanto a los pigmentos, como es característico en esta especie, los tres mayoritarios 
en A. carterae fueron la clorofila a, seguida de la peridinina y la clorofila c2. Todas las muestras 
analizadas contenían otros pigmentos minoritarios: diadinocromo, β-caroteno, peridininol, 
diatoxantina, dinoxantina, pirroxantina y diadinoxantina. Respecto a la clorofila a, hubo 
diferencias significativas entre tratamientos, disminuyendo linealmente desde el 1,5% d.w. en 
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el SET8 al 0,65 d.w. en RM2. La evolución de la peridinina fue similar a la de la clorofila a, 
con un contenido máximo de 0,95% d.w. en el SET8 y un mínimo de 0,4% en el RM2-II. Los 
rendimientos totales de pigmentos (% d.w), difirieron significativamente entre los tres 
tratamientos, disminuyendo casi linealmente desde un valor del 3,5% d.w. en RM1-I hasta el 
1,2% d.w. en RM2-II, principalmente porque los pigmentos principales, clorofila a y peridinina, 
siguieron esta tendencia. La reutilización del medio provocó un descenso durante el proceso de 
aclimatación, probablemente debido al crecimiento mixotrófico a base de carbono orgánico. 
Con los resultados obtenidos, y ya que no existen otras fuentes naturales alternativas a las 
microalgas para producir peridinina, se recomienda la especie A. carterae como fuente de este 
pigmento. La concentración de esta alcanzada en esta experimentación osciló entre 0,4-0,9% 
d.w y su rendimiento volumétrico máximo fue de 5,6 mg·L-1 en RM1. 
4.6.2. Tratamiento de efluentes de acuicultura 
En este estudio se ha evaluado la posibilidad de utilizar efluentes de la acuicultura en el 
cultivo de A. carterae para obtener productos de alto valor. Para estas aplicaciones, la especie 
seleccionada debe ser capaz de tolerar y simultáneamente reducir las altas concentraciones de 
amonio, urea y nitrato que pueden presentar algunos de estos efluentes. A. carterae pudo 
aclimatarse a fuentes de nitrógeno (nitrato, amonio y urea) tanto combinadas como únicas en 
un amplio rango de concentraciones, ver apartado 4.2.3.2. Igualmente, el valor promedio de 
APDs en la biomasa de todos los cultivos en los que se consiguió aclimatación fue de 0,435 ± 
0,038 % d.w., este valor sugiere que su capacidad de producir APDs no está influenciada por 
el tipo de fuente de nitrógeno. Además, ha demostrado su potencial para desarrollar consorcios 
microalga-bacteria. Las concentraciones de los principales nutrientes en los sistemas de 
acuicultura informados en diferentes estudios se proporcionan en la tabla 4.1, aunque la 
presencia de urea solo se documentó en dos de los estudios, esto no indica que no estuviese 
presente en el resto de los efluentes, aunque no fuese determinada su concentración en ellos. 
En la tabla 4.1 se puede observar que en un porcentaje alto el uso de efluentes para el cultivo 
de A. carterae como sustituto o base para preparar medios de cultivo puede ser factible. Los 
resultados indicarían que A. carterae potencialmente podría ser una microalga candidata para 
considerarse en la metodología de Acuicultura Multitrófica Integrada (IMTA), lo que ayudaría 
a la producción sostenible a media y gran escala de todas las moléculas de interés que produce 















Tabla 4.1. Revisión de los estudios en los que se han utilizado microalgas para la depuración de efluentes de 
acuicultura. Se indican la especie utilizada, el tipo de agua utilizada y las concentraciones de las distintas 
especies de nitrógeno. En la columna derecha se representan los experimentos representativos de la Tabla 3.2 
en los que los niveles de concentración de los principales nutrientes fueron más altos que los informados en 
diferentes efluentes de acuicultura. Los experimentos de la Tabla 3.2 colocados en la columna de la derecha se 
distribuyen en dos grupos en función de un efecto desfavorable o favorable sobre el crecimiento según los 
resultados obtenidos en este estudio. SW: agua de mar, FW: agua dulce. Publicación Nº 7. 
Microalga Agua 
Nutrientes, mg·L-1 Tratamientos representativos según la Tabla 
3.2 
N-NO3- N-Urea N-NH4+ P-PO43- Favorable Desfavorable 










SW 1,7 -- 0,5 0,2 NUA4 AMO1-4, NUA1-3 












Oocystis borgey SW 0,8 1,0 0,8 -- NUA4 NUA1-3 
Tetraselmis suecica.  SW 4,0 -- 0,3 0,3 NUA4 AMO1-4, NUA1-3 
Dunaliella tertiolecta.  SW 4,1 -- 0,3 0,6 NUA4 AMO1-4, NUA1-3 
Isochrysis galbana SW 4,2 -- 0,3 0,6 NUA4 AMO1-4, NUA1-3 
Oocystis sp. FW -- -- 13,7 -- -- AMO1-4, NUA1 
Oocystis sp. FW -- -- 17,3 -- -- AMO2-4 
Tetraselmis chuii. SW -- -- 5,3 5,6 -- 
AMO, AMO1-4, 
NUA1-3 
Tetraselmis sp. Stauroneis 
sp. Phaeodactylum sp. 
SW 5,1 -- 0,4 0,3 NUA4 AMO1-4, NUA1-3 
Tetraselmis suecica SW 3,8 -- 0,1 0,7 NUA4 AMO1-4, NUA1-3 
Dunaliella tertiolecta SW 2,9 -- 0,4 0,6 NUA4 AMO1-4, NUA1-3 
Phaeodactylum tricornutum SW 0,6 -- 4,9 0,7 -- AMO1-4, NUA1-3 
Isochrysis galbana. SW 0,9 -- 0,4 0,6 NUA4 AMO1-4, NUA1-3 
Tetraselmis suecica. SW 0,2 -- 1,4 0,3 NUA4 AMO1-4, NUA1-3 
Synechococcus sp. SW -- -- 16,5 0,4 -- AMO2-4 
Chlorella sorokiniana. FW 12,3 -- 8,1 0,4 -- AMO1-4, NUA2 
Chlorella sp. Scenedesmus 
quadricuada 
SW 18,1 -- -- 2,1 -- NUA3 
-- SW 0,2 0,6 0,6 0,2 NUA4 NUA1-3 




-- SW 14,5 -- 0,3 1,7 -- NUA3 
-- FW 0,7 -- 0,6 0,4 NUA4 AMO1-4, NUA1-3 















Capítulo                                                                                   
CONCLUSIONES 
 
La línea de trabajo seguida dentro de la presente investigación, abarca aspectos claves de 
un bioproceso encaminado a la producción sostenible de anfidinoles a partir de Amphidinium 
carterae. Las conclusiones principales obtenidas en los trabajos que constituyen esta tesis son 
las siguientes: 
1. Se caracterizó morfológicamente, y se identificó genéticamente la estirpe Dn241EHU de 
la especie de la microalga dinoflagelada Amphidinium carterae.  
2. Es necesario diseñar cuidadosamente los estudios a escala de laboratorio para tener en 
cuenta la aclimatación, si se quiere reducir la variabilidad y obtener resultados robustos. 
3. Se ha demostrado la flexibilidad, versatilidad y robustez de los sistemas de iluminación 
basados en LEDs multicolor para diferentes tipos de geometrías de fotobiorreactores, y 
en todas las escalas de cultivo. Este tipo de sistemas permite controlar con precisión el 




régimen, composición del espectro y la intensidad de la luz. Por tanto, se recomienda su 
uso en el cultivo de microalgas. 
4. Se identificaron las condiciones de operación y diseño para cultivar A carterae en 
columnas de burbujeo de forma satisfactoria. Por un lado, esta especie es más robusta 
frente a la agitación neumática que K. veneficum, otro dinoflagelado no tecado, pero 
menos que la microalga tradicional Nannochloropsis gaditana. Por otro lado, A. carterae 
no presenta influencia negativa sobre el crecimiento en los procesos de fotoaclimatación. 
Respecto a su tolerancia a la luz, presenta una ventana operacional (Yave =100-400 
μE·m−2·s−1), donde la cinética de crecimiento no se ve afectada. Las condiciones óptimas 
se pudieron escalar hasta un fotobiorreactor tipo columna de burbujeo de escala piloto 
(80 L) con iluminación LED.  
5. Se ha desarrollado con éxito un proceso para recuperar los APDs desde el sobrenadante 
de cultivos de A. carterae. Al estar exento de otros metabolitos intracelulares, fueron 
necesarias pocas etapas de extracción/purificación, obteniéndose excelentes 
rendimientos para los APDs. Se aislaron dos moléculas conocidas: luteofanol D y 
lingshuiol A y un nuevo análogo de anfidinol, denominado anfidinol 20. 
 
6. Se ha conseguido cultivar de forma estable e ininterrumpidamente, durante casi 1 año, la 
especie A. carterae en un fotobiorreactor tipo raceway, escala 33 L, con iluminación 
LED. El mejor modo operativo y más sólido para el cultivo fue el semicontinuo. La 
formulación de los medios tradicionales se mostró insuficiente para alcanzar y mantener 
en el tiempo altas concentraciones celulares. Así, se optimizó la composición del medio 
de cultivo f/2 aumentando la concentración de los nutrientes tres veces y variando la 
relación N:P hasta 5. Además, con un patrón de irradiancia sinusoidal (L/D, 24:0) y un 
Iomax de 900 µE·m-2·s-1, se obtuvieron los mejores resultados respecto a la productividad 
de biomasa y al contenido de APDs. La productividad máxima de biomasa en esas 
condiciones fue de 48 mg·L-1·d-1, lo que supone un aumento de 4-5 veces lo obtenido en 
los experimentos a escala de laboratorio. Igualmente, la concentración de APDs totales 
en la biomasa fue alrededor del 1% (d.w). 
7. Se ha optimizado la operación de centrifugación discontinua para el cosechado, sin 
provocar daño celular en A. carterae. Este estudio se ha apoyado en simulaciones 
basadas en CFD, para predecir con precisión el tiempo de sedimentación. La presión 
hidrostática se ha identificado como la principal causa de daño celular. Se ha introducido 
un nuevo número adimensional (Ce), que representa la intensidad del tratamiento de la 




centrifugación. Mediante Ce se puede identificar la ventana operativa para una 
recuperación de células completa sin producir daño celular. Además, se ha corroborado 
la aplicabilidad del número Ce a otras células (Dunaliella salina, Spodoptera exigua 
Se301) y otras centrífugas, utilizando los datos publicados de los experimentos de 
centrifugación.  
8. Se ha desarrollado un protocolo mediante la técnica de RMN para el análisis 
metabolómico de la biomasa y, así poder identificar respuestas metabólicas a 
condiciones de cultivo o elicitadores e interacciones entre metabolitos. Así mismo, se 
optimizó un método de análisis cuantitativo de APDs en extractos de A. carterae. Los 
valores para la concentración (% en peso) de APDs totales en la biomasa se pueden 
determinar a partir del valor absoluto de la integral del pico de protón δH = 5,07 ppm en 
el espectro de 1H-RMN, y/o estimarlos a partir de una correlación de los valores de 
potencia de saponina equivalente (ESP) obtenidos en los ensayos hemolíticos.  
9. Se ha demostrado la capacidad de A. carterae para aclimatarse a diferentes fuentes de 
nitrógeno, combinadas o en solitario, en una amplia gama de concentraciones. Además, 
se estableció que la afinidad de A.carterae a las fuentes de nitrógeno, va en el siguiente 
orden; amonio, nitrato, y urea.  Igualmente, es capaz de desarrollar consorcios microalga-
bacteria de forma estable en cultivos a largo plazo. Ambos espectros revelan que A. 
carterae tiene el potencial de ser cultivada utilizando efluentes de acuicultura en la 
formulación del medio de cultivo. 
10. Se ha implementado un procedimiento a escala piloto para reutilizar el 100% del medio 
de cultivo agotado, en al menos 4 ciclos, bajo el modo de cultivo semicontinuo en RW-
FBR. El uso del medio reutilizado no tuvo prácticamente influencia en las 
productividades de biomasa o bioproductos de interés.  Además, en vista de la robustez 
y estabilidad del cultivo A. carterae en un FBR convencional utilizando medio reciclado, 
hace que esta especie sea una buena candidata para un bioproceso donde se suministre a 
mediana y gran escala compuestos bioactivos con aplicaciones farmacéuticas, bajo el 
concepto de la economía circular.  
 
11. A. carterae ha demostrado tener un importante potencial biotecnológico puesto que, 
además de producir en cantidad importante APDs, es capaz de producir suficientes 
cantidades de bioproductos valiosos como carotenoides, en especial peridinina, y ácidos 
grasos poliinsaturados, de especial relevancia como el DHA. Presenta, pues, un gran 




potencial para el desarrollo de una biorrefinería que recuperará estos bioproductos desde 
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A B S T R A C T
Marine dinoflagellate microalgae belonging to the genus Amphidinium are a key source of an interesting group of
polyketide metabolites with potent bioactivities, wide-ranging functional diversity and stereochemical com-
plexity, but low natural availabilities. The feasibility of a microalgae dinoflagellate-based sustainable bioprocess
for producing amphidinols (APDNs) by photoautotrophic culture of Amphidinium carterae in a pilot-scale LED-
illuminated bubble column photobioreactor (PBR) was therefore investigated. A fed-batch culture mode with
pulse feeding strategy provided a growth pattern strongly limited by the availability of phosphate content in the
culture medium that stimulated the production of cellular APDNs. Since A. carterae was found to be much more
shear-sensitive than other shear-tolerant non-dinoflagellate microalgae, the culture height and air flow rate were
established to ensure the absence of damaging levels of hydrodynamic stress. The biomass capacity yielded by
the PBR at the end of the culture (0.540 g d.w. L−1 equivalent to 1.70× 106 cell mL−1) corresponded to that
estimated stoichiometrically from the experimentally determined biomass P-molar formula (C329 O126 H732 N69
S3 P1) and the total phosphorus and nitrogen balances. The downstream processing section was initially con-
ceived to recover APDNs excreted by cells into the supernatant. A dry APDN-enriched extract concentration of
49mg per liter of supernatant was obtained. This purification process led to partitioning of the extract into
several fractions and sub-fractions thereof. Only two sub-fractions were studied, yielding thereof highly pure
(> 95% pure) luteophanol D and lingshuiol A, and a new, roughly purified (> 80% pure) APDN, namely am-
phidinol 20. The percentages of luteophanol D, lingshuiol A and amphidinol 20 by dry weight of the APDN-
enriched extract obtained were 1%, 0.39% and 0.31%, respectively, thus representing a concentration in the
culture supernatant of 490, 191 and 152 μg L−1, respectively.
1. Introduction
The potential medical and commercial significance of bioactive
substances from marine dinoflagellate microalgae has been compre-
hensively reviewed [1–3]. From the perspective of a hypothetic pilot-
scale bioactive substance production bioprocess, the engineering and
operation of photobioreactors (PBRs) and downstream processing of the
primary extracts produced to obtain a purified bioproduct are relevant
aspects that need to be addressed in detail. For example, a consistent
production of certain high-value microalgal metabolites requires arti-
ficial illumination of PBRs. In this regard, illumination using light-
emission diodes (LEDs) has recently been demonstrated to be
particularly attractive for reliably culturing shear-sensitive dino-
flagellate microalgae in pilot-scale bubble column PBRs [4]. Despite
this, the few reported studies concerning LED-based illumination have
mostly focused on small PBRs and no attention has been given to scale-
up of these systems.
Any metabolite bioproduction process must be inexpensive and
consistently achieve a satisfactory level of productivity under well-de-
fined culture conditions. The titer of the target bioproduct in the pro-
duction of bioactive substances from dinoflagellates is often low [1],
thus increasing the cost of downstream processing due to the need to
handle large volumes of broth and compromising the feasibility of the
bioprocess in question. Concentration of a target compound in the broth
https://doi.org/10.1016/j.algal.2018.01.010
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could therefore become a criterion for selecting producer species. In
this respect, among marine dinoflagellates, the production of amphi-
dinolides (APDLs) and amphidinols (APDNs) (henceforth referred to as
APDs indistinctly) is remarkable in species of the genus Amphidinium
[5,6]. APDLs are a family of macrolides with a particularly high anti-
tumor activity that currently comprise over 40 members and exhibit a
vast variety of backbone skeletons ranging from 12 to 29 carbons, with
more than half of them containing an odd-numbered lactone ring [7].
This structural variety is increased by additional traits such as the
presence of at least one exo-methylene group and vicinally located one-
carbon branches [6,8–11]. In general, the best titers of these macrolides
reported for laboratory-scale batch cultures of Amphidinium have been
reported to be around 40 μg L−1, with biomass (d.w.) yields of about
0.1 g L−1 (calculations performed using data from [8]). However, all
attempts to reproduce these titers in large-scale cultures failed [12].
APDNs are also a representative type of secondary metabolite pro-
duced by the genus Amphidinium and first reported in 1991 from cul-
tures of Amphidinium klebsii collected at Ishigaki in Okinawa [13]. In
contrast to APDLs, this family embraces a growing set of open long-
chain compounds eliciting potent antifungal and hemolytic activities
[6,8,13–15]. These compounds are defined as a polyhydroxy-polyene
and are characterized by the presence of two tetrahydropyran rings
separating the polyol and polyene moieties. This group currently
comprises 19 analogues, with a total of approximately 30 members
considering the amphezonol and colopsinol types, some of which ex-
hibit some modifications in the two tetrahydropyran rings [6,13,16]. In
addition to the bioactivities mentioned previously, APDNs also exhibit
strong toxicity against diatoms [17], including allelochemical effects on
epiphytic microbes in marine ecosystems, and even in terrestrial pa-
thogenic bacteria such as those belonging to the Mycoplasm genus. As a
result, the use of enriched APDNs to avoid the growth of these bacteria
in cell or tissue cultures has recently been patented [18]. The afore-
mentioned toxicity against microorganisms is believed to arise from the
ability of APDNs to interact with the phospholipid bilayer, thus re-
sulting in membrane permeabilization [19–26]. Furthermore, it has
been proposed that this activity is independent of the membrane
thickness and that the pore size is dependent on the polyhydroxyl re-
gion, which remains on the surface of the membrane [22]. A better
comprehension of this phenomenon and its mechanism would allow us
to gain an understanding of the mode of action of these antifungal
activities, thus helping in the development of drugs for to treat AIDS-
related diseases and those commonly found in transplant patients [21].
Given the diverse functionality, stereochemical complexity, low
natural availability and the marked bioactivities shown by these sec-
ondary metabolites from the Amphidinium genus, they have been con-
sidered to be challenging targets for total synthesis [2,27]. However,
the synthetic methodologies used to obtain them are difficult to apply
industrially due to their length and complexity [2]. This study reports
on the feasibility of a microalgae dinoflagellate-based sustainable bio-
process for producing APDs from photoautotrophic culture of the shear-
sensitive marine microalga Amphidinium carterae in a pilot-scale LED-
illuminated bubble column. The culture mode was fed-batch with a
pulse feeding strategy. The average irradiance and macronutrients (i.e.
nitrogen and phosphorus) in the culture volume were monitored off-
line and the growth kinetics was interpreted in terms of these variables.
The downstream processing section, comprising a combination of se-
paration operations, was conceived to separately recover APDs excreted
by cells into supernatants (APDs previously reported to have been ex-
tracted from biomass), with the general aim of establishing a culture
methodology and chromatography protocols for the isolation of APDs
with a focus on setting up pipelines that can be adapted to industrial
applications, thereby resulting in a sustainable source of these com-
pounds that meets their industrial demand as active substances.
Of the APDs previously reported to be produced by Amphidinium
carterae, we report excellent isolated yields of the APDNs luteophanol D
[28], lingshuiol A [29] and a new analog amphidinol 20, thus
confirming the biosynthetic flexibility of the amphidinol pathway.
These metabolites are excreted by the cells into the extracellular media
and are found in the supernatants obtained from the downstream pro-
cess applied, thus resulting in a simple and high-performance procedure
that could be suitable for the commercial development of APDs as ac-
tive substances.
2. Materials and methods
2.1. Upstream processing
2.1.1. The microalga
The marine microalgal dinoflagellate Amphidinium carterae (strain
ACRN03) was used. This alga was obtained from the Culture Collection
of Harmful Microalgae at the IEO (Vigo, Spain). A. carterae is con-
sidered a shear- and bubble-sensitive microalga [30]. Inocula were
grown in flasks at 21 ± 1 °C under a 12:12 h light–dark cycle. Four
58W fluorescent lamps were used for illumination and the irradiance at
the surface of the culture flasks was 60 μEm−2 s−1. A modification of K
medium prepared using filter-sterilized (0.22 μm Millipore filter; Mil-
lipore Corporation, Billerica, MA, USA) Mediterranean seawater was
used to grow the cultures. The composition of the modified K medium
was as follows: NaNO3, 882 μM; NH4Cl, 50 μM; NaH2PO4, 10 μM; TRIS,
1 mM; Na2EDTA·2H2O, 90 μM; Fe-Na-EDTA, 14.6 μM; MnCl2·4H20,
0.9 μM; ZnSO4·7H2O, 0.08 μM; CoSO4·7H2O, 0.05 μM; Na2MoO4·2H2O,
0.03 μM; H2SeO3, 0.01 μM; Thiamine, 0.7 μM; Biotin, 2.1 nM; B12,
0.37 nM.
2.1.2. Photoacclimation experiments
To take into account a possible effect of photoacclimation on the
interpretation of results from the PBR culture, a set of experiments
comprising static batch cultures conducted in vertically arranged T-
flasks (60mL working volume, 5.6 cm culture high) located on an in-
cubator tray and illuminated frontally was carried out on a small scale.
The light source was based on multicolor LEDs similar to those used to
illuminate the PBR culture as detailed below in subsection 2.1.4. Par-
allel LED strips were attached to a flat reflective plastic (PVC) cover.
The LED control unit allowed different illumination regimens to be
selected. A sinusoidal diel variation pattern of outdoor irradiance was
imposed using the following equation [4]:
= ⎡⎣ ⎤⎦









where Iomax is the maximum irradiance occurring at midday on the
surface of T-flasks; tsr is the time of sunrise (6 h); and tss is the time of
sunset (18 h), with a dark period of 12 h. The walls of the incubator
were painted black to avoid reflections that might modify the irradiance
distribution at the surface of the cultures. The selected culture volume
provided a high surface to volume ratio, a relatively low culture
thickness and absence of carbon dioxide limitation during exponential
growth and absence of hydrodynamic stress. As such, light attenuation
by the cell suspension is minimum and the irradiance impinging on the
culture, Io(t), could be assumed to be similar to the average irradiance
inside the culture, Iave (t), at any time.
The daily mean irradiance (Yave) perceived by cells was calculated
by averaging Io(t) over 24 h. Different Yave values (from 0 to
424 μEm−2 s−1) were obtained by varying Iomax from 0 to
1500 μEm−2 s−1 as a result of varying the distance from the T-flask
surface to the light source. In a first set of experiments, cells from the
same original inoculum, obtained as described above in subsection
2.1.1, were cultured in the T-flasks in batch mode at different levels of
Yave. Cells grown at each Yave were subcultured (i.e. a culture fraction
was transferred to a fresh growth medium) at the same Yave twice more.
Irradiance was measured using a 4π sensor (Biospherical instruments
Inc., mod. QSL-100, San Diego, CA, USA), and all experiments were
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carried out in duplicate.
The maximum specific growth rates (μm) calculated from the growth
kinetics obtained for every T-flask culture were fitted to the following
mechanistic model of photosynthesis for nutrient-replete cells reported
elsewhere [31]:































where μmax, α and κ are fitting parameters for the model and have a
rigorous biological meaning.
2.1.3. Preliminary assays for determining the shear-sensitivity of
Amphidinium carterae
To approximately evaluate the level of sensitivity of A. carterae to
the hydrodynamic shear forces developed in pneumatically agitated
PBRs, bench-scale bubble column photobioreactors (BC-PBRs) identical
to those reported in a recent study with the microalga Karlodinium ve-
neficum [32] were used. Table 1 summarizes the three hydrodynamic
stress regimes examined by combining values of operational parameters
such as air flow rate (Q), culture height (H) and nozzle sparger diameter
(do). The treatments described in Table 1 were shown to be lethal (LST)
or optimal (OST) for the growth of K. veneficum [32]. For comparison
purposes, the LST treatment was also applied to the shear-tolerant
microalga Nannocloropsis gaditana, a genus that is able to optimally
grow in tubular photobioreactors equipped with a centrifugal pump
[33,34]. Experiments were conducted in duplicate at the same time in
an environmentally controlled room at 21 ± 1 °C. Illumination was
provided by eight 58W fluorescent lamps emitting an average irra-
diance at the surface of the columns of 300 μEm−2 s−1. Control static
cultures (i.e., absence of hydrodynamic stress) for A. carterae were
conducted in vertically arranged T-flasks (400mL working volume,
0.1 m culture high) under the same environmental conditions as the BC-
PBRs. N. gaditana, strain B-3, was provided by the Marine Culture
Collection at the Andalusian Institute of Marine Sciences (CSIC, Cádiz,
Spain). The N. gaditana culture medium was prepared from natural,
filter-sterilized (0.22 μmWhatman GF/F 47mm, Maidstone, The United
Kingdom) Mediterranean seawater as reported elsewhere [35]; this was
also used to maintain the inocula in all subsequent experiments.
2.1.4. Cultivation in the LED-based bubble column PBR
A pilot-scale LED-illuminated bubble column PBR similar to that
previously designed to culture the shear-sensitive marine dinoflagellate
microalga Karlodinium veneficum was used [4]. The bubble column
ensured freedom from damaging levels of hydrodynamic stress so long
as the air flow rate remained below 0.06 vvmin. The light source was
based on multicolor LED strips attached horizontally to the insides of
two semicircular reflective plastic (PVC) covers that surrounded the
PBR. The irradiance profiles inside the seawater-filled photobioreactor
were consistent with a wholly diffuse incident light model. Additional
details of the culture system have been reported previously [4]. A si-
nusoidal diel variation pattern of outdoor irradiance was imposed using
Eq. (1), in which Iomax was fixed at 1500 μEm−2 s−1. Photoautotrophic
growth of A. carterae was investigated in the PBR. The culture
temperature was controlled at 21 ± 1 °C and the pH was controlled at
pH 8.5 by automatically injecting carbon dioxide, as needed. The
modified K medium was prepared using filter-sterilized Mediterranean
seawater. The medium (65 L) was inoculated with 15 L of an inoculum
containing algal cells in the late exponential growth phase. The cell
concentration in the freshly inoculated photobioreactor was around
30,000 cells mL−1. Like other culture media traditionally used to grow
many dinoflagellates, modified K medium formulation cannot support a
high biomass concentration (calculations of biomass capacity based on
the experimental determination of the elemental composition of A.
carterae are detailed below). As such, the PBR was operated in fed-batch
mode with a pulse feeding strategy. In this procedure, repeated medium
replacement was performed every time a stationary growth phase ap-
peared. This replacement consisted in removing 2 L of the broth and
replacing it with an equal volume containing a nutrient stock equiva-
lent to 80 L of the modified K medium. Once pulses of nutrient stock did
not increase the cell concentration, a stationary growth phase was
maintained for 10 days by adding small amounts of nutrient stock
(equivalent to 8 L of modified K medium) to compensate the nutritional
requirements of basal metabolism.
2.1.5. Light availability inside the photobioreactor
The daily mean for the average irradiance inside the PBR was cal-
culated as detailed elsewhere [4]. Firstly, values for the effective at-
tenuation coefficient of the microalgal suspension, γ (m−1), at various
times during the culture were estimated by measuring the irradiance on
the outer surface of the photobioreactor wall (i.e. I(R,t)) using a sphe-
rical quantum sensor (Biospherical QSL 100; Biospherical Instruments
Inc., San Diego, CA, USA). Values of I(R,t) were then substituted into
Eq. (3) to determine γ by an iterative method:
∫= − ⋅ ⋅ + −I Rt I tπ e dϕ( )
( )o π γ t R ϕ R R ϕ
0
( ) ( cos ( sin ) )2 2
(3)
where R is the internal radius (m) of the PBR (or radial position of the
PBR wall) and ϕ is the angle of penetration of the incident light beam.
From γ(t) it is possible to calculate the effective light attenuation across
a cell averaged over the PAR wavelengths, χ(t) (m2 cell−1), using the
following equation:
= ⋅γ t χ t N t( ) ( ) ( ) (4)
where N(t) is the cell concentration at time t (cells m−3). Values for the
average irradiance inside the culture are given by.
∫ ∫= − ⋅ ⋅ + −I t I tR π e rdr dϕ( )
2 ( )
ave
o R π γ t r ϕ R r ϕ
2 0 0
( ) ( cos ( sin ) )2 2
(5)
Finally, the value of Iave(t) was used to calculate the daily mean Iave
using Eq. (6).







2.1.6. Flow cytometric measurements
The cell number concentration and average cell diameter were
quantified by flow cytometry as described elsewhere [4]. Five mea-
surements were performed per sample and average value was used.
2.1.7. Determination of biomass dry weight
In order to select a washing agent, suspensions of A. carterae with
volumes ranging from 15 to 200mL were gently centrifuged (700g,
8 min) in sterile 50 to 250mL Falcon tubes. The pellets were gently
washed with 3 to 40mL of distilled water or ammonium bicarbonate
solutions prepared with concentrations of between 0.05 and 0.5M.
Cells were again pelleted, the supernatants were carefully removed and
tubes were dried in a vacuum freeze-dryer (Cryodos 50, Telstar) for
48 h. Lyophilized algal powders were stored in a desiccator until the
Table 1
Summary of treatments to determine shear-sensitivity of A. carterae in bubble columns, in
reference to the effect that they caused on the growth of the previously studied dino-
flagellate Karlodinium veneficum [32]: LST-1 and LST-2, lethal stresses; OST, optimal
stress; Q, air flow rate; vs, superficial air velocity; H, culture height; do, nozzle sparger
diameter. The internal diameter of the bubble columns was of 0.044 m.
Treatment Q, L min−1 vs.103, m s−1 H, m do, mm
LST-1 0.26 2.85 0.50 1.5
LST-2 0.52 5.70 0.75 2.0
OST 0.13 1.42 1.75 2.0
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weight remained at a constant minimum. Since marine microalgae are
sensitive to sudden changes in osmotic pressure, a potential release of
cellular content into the supernatant due to cytolysis may be an im-
portant source of error in the gravimetric dry weight estimation. Thus,
the existence of cell breakage and/or lysis was indirectly determined (i)
by the presence of the cytoplasmatic enzyme LDH in the supernatants,
as described in [36], and (ii) release of pigments by absorbance spectral
scans of the supernatants in a monochromator-based microplate reader
(Synergy™ Mx, BioTek). All assays were performed in triplicate. The
results indicated that isotonic solutions of ammonium bicarbonate
could be ruled out as washing agents for Amphidinium carterae because
they lysed cells in the whole range of concentrations assayed. In con-
trast, samples washed with distilled water were not lysed and the dry
weights obtained for these samples were consistent with the different
centrifuged volumes.
For monitoring purposes, culture samples of up to 30mL were fil-
tered through preweighed glass-fibers (Whatmann GF/F nominal pore
size 0.7 μm). The cells retained on the filter were then washed three
times with 30mL distilled water. Control experiments were conducted
in the same way but substituting the microalgal suspension with fresh
modified K medium. The filters were then dried at 900W in a micro-
wave oven for 6min to a constant weight, as described previously [37].
The effect of the controls was taken into account to determine the real
value of biomass dry weight. All experiments were performed in tri-
plicate. Using samples withdrawn throughout the culture, a biomass
concentration calibration curve, expressed as dry weight (Cb) versus
optical density at 720 nm (OD720), was determined (Cb (gL−1)= 1.088
OD720; r2= 0.932; n=10). As can be seen, the agreement between the
predicted and measured data was excellent. This indicates that mea-
surements at 720 nm avoid the absorption of light by cellular pigments
and can be treated as pure light scattering measurements. Alternatively,
Cb was also found to linearly correlate with the cell biovolume of the
sample (r2= 0.9521; n=10) according to Eq. (7),
= ⋅ ⋅C ξ N Vb cell (7)
where N is the cell concentration (cell L−1), Vcell is the average cel-
lular biovolume (mL cell−1) calculated from cell diameter data, and ξ is
the slope (0.180 g d.w. mL−1). ξ is implicitly the product of the density
of fresh microalgal cells (ρ, g mL−1) and the dry mass fraction of fresh
cells (wf). As relatively few ξ, ρ and wf values for microalgae have been
reported, we used a conservative ξ value of 0.3 for comparison purposes
in the Results and Discussion section. This figure is the result of mul-
tiplying the average wf and ρ values of 25% and 1.2 gmL−1, respec-
tively, reported for some microalgae [40,60].
2.1.8. Growth kinetics
The following asymmetric logistic equation was used to fit the cell
concentration (N(t)) versus time (t) data in order to accurately de-
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where a, b, c, and d are constants. The cell-specific growth rate μ














The maximum photochemical yield of photosystem II (i.e. FV/FM)
was determined using a pulse amplitude modulation (PAM) chlorophyll
fluorometer (Mini-PAM-2500; Heinz Walz GmbH, Effeltrich, Germany),
as described previously [32]. The FV/FM value (ratio between the
maximum variable fluorescence (FV) and the maximum fluorescence
(FM) of chlorophyll) is universally considered an indicator of microalgal
cell stress.
2.1.10. Determination of phosphate and nitrate concentrations in
supernatants
Phosphate and nitrate in supernatants were measured using the
spectrophotometric methods 4500-P and 4500-N for examination of
water published by the American Public Health Association (APHA,
1995). Measurements were carried out in duplicate samples and the
average value was used.
2.1.11. Determination of total phosphorus and nitrogen in biomass and
supernatants
A modified chemical wet-oxidation method (CWO) has been used to
determine particulate phosphorus (PP) and nitrogen (PN) in aquatic
environments, including phytoplankton [38]. Briefly, culture samples
were centrifuged, then supernatants and pellets suspended in seawater
were placed in 50-mL glass tubes. The pellets were sonicated using an
ultrasonic probe-type device (UP200S, Hielscher Ultrasonics™), then
1mL of a digestion solution comprising 4% (w/v) K2S2O8 and 1.18%
(w/v) NaOH was added to 2mL of sample. The tubes were capped
tightly with a Teflon-lined cap and incubated at 121 °C for 90min using
a dry block heater, shaking vigorously every 10min. Digestion was
considered to be complete when the digestates were completely trans-
parent. After cooling, the tubes were replenished with distilled water to
compensate for losses by evaporation. The total phosphorus content
was determined as phosphate by absorbance measurements according
to protocol 4500-P proposed by the APHA (1995). Absorbance was
measured in 96-well microplates (Greiner bio-one) with a mono-
chromator-based microplate reader (Synergy™ Mx, BioTek). Glycerol
phosphate (C3H9O6P) was used as control P compound in the CWO
method. Solutions of C3H9O6P in filtered seawater ranging from 0 to
120 μM were used to obtain a calibration curve for P concentration
(μM) versus optical density at 880 nm (OD880): [P] (μM)=184 OD880,
r2= 0997). The total nitrogen content was determined as nitrate by
absorbance measurements according to protocol 4500-N proposed by
the APHA (1995). Urea (CON2H4) was used as control N compound in
the CWO method. Solutions of urea in filtered seawater ranging from 0
to 600 μM were used to obtain a calibration curve for N concentration
(μM) versus optical densities at 220 and 275 nm: [N]
(μM)=263.6× (OD220–2 OD275), r2= 0.992). All CWO measurements
were carried out in duplicate, the absorbance for each replicate was
measured in eight different wells, and an average value was used.
To determine the reliability of the CWO method, recovery of total P
and N from a batch culture of A. carterae in a T-flask was followed.
Culture started with an original inorganic phosphate content of 11 μM
and inorganic nitrogen content of 940 μM, along with a small inoculum
of cells (25,000 cells mL−1) that did not measurably increase the total P
and N of the culture. During a period of 10 days, 10 μM PO4−3-P and
460 μM NO3−-N were converted from the dissolved to the particulate
form, with approximately 1 μM and 480 μM, respectively, remaining in
solution. Throughout all growth phases, all P and N, measured as a
combination of particulate and dissolved fractions, was recovered by
CWO (data not shown).
2.1.12. Determination of biomass elemental composition and elemental
balancing
The biomass elemental composition was determined to evaluate
possible stoichiometric limitations resulting from the medium supply
and elemental balancing. Atoms bound in the main macromolecules (C,
O, N, H, S, P) were taken into account, whereas other atoms, mainly
present as ions in biomass (K+, Ca2+, Na+, etc.), were not incorporated
into the elemental formula. Culture samples of 50mL each were cen-
trifuged in sterile Falcon tubes at 700g and the resulting pellets washed
twice with 10mL of distilled water to remove excess salt. Once the
supernatants had been removed, the pellets were frozen and lyophilized
in a vacuum freeze-dryer (Cryodos 50, Telstar) for 48 h. Around 10mg
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of lyophilized algal powders were placed in tin capsules and placed in
the oven of an NCHS elemental analyzer at 925 °C (Thermo Scientific™
Flash 2000). Sulfanilamide (N=16.27%, C= 41.84%, H=4.68%,
S= 18.62%) was used to prepare the calibration curve. The phosphorus
(P) content of the biomass was determined as described above in sub-
section 2.1.11. Ash content was determined by burning algal powder
samples in an oven at 550 °C. The mass fraction of oxygen (fO) could be
estimated from these determinations (N, C, H, S, P and ash) using the
following mass balance [39]:
= − − − − − −f f f f f f f1O C N H S P ash (10)
All assays were performed in triplicate. Given the elemental com-
position of A. carterae, the theoretical maximum biomass concentration
from element i, Cbi (mg L−1), in the modified K medium was calculated
as in Eq. (11) [40],
=C C wbi i i (11)
where Ci is the concentration of element i in the culture medium and wi
is the mass fraction of element i expressed as dry mass of cells. The
elements i considered in the culture medium were nitrogen and phos-
phorus. Carbon was in excess as it was supplied by automatically in-
jecting carbon dioxide, as needed, to maintain the pH at 8.5. Seawater
also provides an excess of sulfur (> 28,000 μM) [41]. Therefore, ele-
ment i producing the smallest Cbi is considered to be the growth-lim-
iting nutrient.
2.2. Downstream processing
2.2.1. General experimental procedures
All solvents used were HPLC-grade. Chromatography was mon-
itored by TLC, performed on Silica gel Merck 60 F254. TLC plates were
visualized using UV light (365 nm) and 10wt% phosphomolybdic acid
solution in methanol. Optical rotation was determined using a
Perkin–Elmer 241 polarimeter equipped with a sodium lamp operating
at 589 nm. The IR spectrum was measured using a Bruker IFS55 spec-
trometer, with a methanol solution being used to place a film of the
compounds on the NaCl disk. NMR spectra were performed using a
Bruker AVANCE 600MHz instrument at 300 K, and chemical shift va-
lues are reported in ppm and referenced to the internal signal of the
residual protons (CD3OD 1H 3.34 ppm; CD3OD 13C 49.15 ppm). NMR
experiments, COSY, 1D/2D TOCSY, HSQC, HMBC, HSQC-TOCSY, H2BC
and NOESY were performed using standard pulse sequences. Phase-
sensitive NOESY spectra were measured using a mixing time of 500ms
and TOCSY experiments using mixing times ranging from 10 to 100ms.
NMR data were processed using Topspin or MestReNova software. Mass
spectra were recorded using a Waters Micromass LCT Premier XE mass
spectrometer. HPLC analyses were performed using a Water system
equipped with a Binary HPLC Pump 1525 and Photodiode Array
Detector 2996.
2.2.2. Extraction and isolation of APDNs from supernatants
At the end of the culture period, continuous centrifugation (RINA,
model 100M/200SM, Spain) was applied to separate the microalgae
from the culture medium. In order to avoid cell lysis, the centrifuge,
operated at 1000g, was fed with a broth flow rate as low as 13 L h−1. A
culture volume of 80 L thus provided nearly 1 L of algal concentrate
(retentate) and about 78 L of supernatant. Since this study was focused
on the APDs present in the supernatant, the retentate was extracted
with methanol and kept at −40 °C for further studies. A supernatant
volume of 58.4 L was subjected to solid phase extraction (SPE) using
prepackaged reverse phase C18 cartridges (Grace™ Reveleris™ SRC C18
Cartridges, PN 5152105). After slow elution of the supernatants
through the SPE cartridges, the salts were removed using distilled
water. The organic material was eluted with methanol, the solvent
evaporated in vacuo, and the organic extract freeze-dried to yield
2.39 g, equivalent to a dry residue concentration of 0.049 g L−1.
As the first step in the isolation of APDNs, the APDN-enriched ex-
tract was subjected to gel filtration on Sephadex LH-20, eluting with
methanol to obtain four fractions. The first and second fractions yielded
570 and 1020mg, respectively, and contained a complex mixture of
APDN derivatives. We focused our efforts on the first fraction; the re-
maining fractions remain under study. The APDNs present in this
fraction were initially separated using a medium pressure reverse phase
LC Lobar LiChroprep RP-18 column, eluting with a MeOH:H2O gradient
from 6:4 to 100% MeOH over 90min to obtain four new fractions
(A–D). Fraction C (208.7mg) was partially (20mg) subjected to further
purification by RP-HPLC on a Waters μ-Bondapack C18 (10 μm;
19× 150mm) and a MeOH:H2O:AcOH mixture (7:3:0.1) as mobile
phase (flow rate: 3 mLmin−1) to afford pure luteophanol D (2.3mg; tR
11.5 min) and lingshuiol A (2) (0.9 mg; tR 16.5 min). Finally, 20mg of
fraction B (213.7 mg) was purified by RP-HPLC under the same con-
ditions, but with a flow rate of 2mLmin−1, to yield the new compound
amphidinol 20 (3) (0.7 mg; tR 11.0min). Given the significant com-
plexity of the samples, other APDN congeners are still being purified
and characterized. An overall schematic process flow sheet for produ-
cing APDNs from supernatants of A. carterae cultures, based on the
work methods described herein, is shown in Fig. 1.
Luteophanol D (1): Colourless amorphous solid; [α]25D +5 (c 0.26,
MeOH); UV (MeOH) λmax 234, 249 and 277 nm; IR νmax 3328, 2922,
1643, 1576, 1412 and 1063 cm−1; 1H and 13C NMR data (CD3OD) see
Table S1 in Supporting Information; HRESIMS m/z 1329.7506
[M+Na]+ (calcd. 1329.7547 for C66H114O25Na).
Lingshuiol A (2): Pale-yellow amorphous solid; [α]25D −1 (c 0.67,
MeOH); UV (MeOH) λmax 244, 258 and 289 nm; IR νmax 3335, 2925,
1646, 1574, 1414 and 1064 cm−1; 1H and 13C NMR data (CD3OD) see
Table S2 in Supporting Information; HRESIMS m/z 1295.7473
[M+Na]+ (calcd. 1295.7492 for C66H112O23Na).
Amphidinol 20 (3): Pale-yellow amorphous solid; [α]25D +8 (c 0.70,
MeOH); UV (MeOH) λmax 238, 250 and 282 nm; IR νmax 3300, 2900,
1640, 1570 and 1063 cm−1; 1H and 13C NMR data (CD3OD) see Table
S3 and Fig. S1 in Supporting Information; HRESIMS m/z 1345.7510
[M+Na]+ (calcd. 1345.7496 for C66H114O26Na).
2.2.3. Hemolytic activity
Since APDs show different levels of hemolytic activity, APD titers
were expressed in terms of the hemolytic activity of the cell extract or
culture supernatant as reported for karlotoxins [42]. The erythrocyte
lysis assay, as described by Eschbach et al., was used [43], replacing the
ultrasound lytic step of the original method with an extraction of the
cells using methanol. A sample of the methanolic extract was placed in
a microwell and air-dried. Erythrocytes from defibrinated sheep blood
were used at a concentration of 45× 106 cells per well. Erythrocytes
incubated in Mediterranean seawater served as negative controls, and
the positive control, or 100% hemolysis, was obtained using distilled
water. The dose-response curves (percentage of hemolysis (PH) vs. log
of number of A. carterae cells per well (x)) were fitted to the Hill
equation by nonlinear regression:
= + −
+ ( )





where PHmax is the maximum percentage of hemolysis equal to 100%,
EC50 is the number of A. carterae cells per well giving 50% hemolysis
and η is the Hill slope. The Hill curve was also applied to hemolysis
experiments with Saponin (Sigma Aldrich, 47036, CAS n° 8047-15-2,
Saint Louis, MO, USA), obtaining an EC50 value of
15.5×106 ± 0.7× 106 pg per well. An equivalent saponin potency
(pg per A. carterae cell) was calculated by dividing the EC50 for saponin
by the EC50 for A. carterae.
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2.3. Statistical analyses
A comparison of treatments over time was performed using the
nonparametric paired sign test (95% confidence level, p < 0.05). Tests
were conducted for the time courses of the cell concentration.
Multifactor ANOVAs and non-linear regressions were performed using
Statgraphics Centurion XVI (StatPoint, Herndon, VA, USA).
3. Results and discussion
3.1. Production of Amphidinium carterae biomass in the LED-based bubble
column PBR
3.1.1. Effects of photoacclimation
Photoacclimation of the A. carterae inoculum grown under fluor-
escent illumination, as described in Section 2.1.1, to LED illumination
was studied in terms of maximum specific growth rates (μm) by sub-
culturing the inoculum up to three times at varied Yave values, as de-
scribed in section 2.1.2. The μm values were calculated using Eq. (9) and
growth kinetics data were obtained for every T-flask culture. To analyze
the effect of the factors involved, i.e. subcultivation (Sub) and Yave, on
μm, a multifactor ANOVA was performed. Fig. 2 displays the mean μm
values as a function of Yave and Sub (inset in Fig. 1). Both factors have a
statistically significant effect on μm at 95% confidence level (p-
value < 0.05). However, the contribution of Yave (F-ratio= 67.2) to
the global variation of μm was substantially higher than that of Sub (F-
ratio= 6.2). A closer inspection of Fig. 2 reveals a typical P-I curve in
which the line represents the fit of the photosynthesis model (Eq. (2)) to
the experimental μm data. The best-fit values for the kinetic parameters
(α, κ and μmax) are consistent with other simulations reported for other
dinoflagellate microalgae [44]. The α value of 56 μEm−2 s−1 corre-
sponds to the Yave threshold that divides the μm-Yave curve into two
regions for light-limited (Yave < α) and light-saturated (Yave > α)
growth. This observation is in agreement with other studies with A.
carterae [45,46] in which the values of μmax and α were found to be
around 0.60 day−1 and 50 μEm−2 s−1, respectively. Although photo-
inhibition was not observed in the Yave range assayed, if Yave is in-
creased sufficiently above α, the cells may become photoinhibited and
the equation for the μm-Yave model may need to be modified to take this
effect into account, as reported previously [31].
Most studies of microalgae cultivation concern the usage of inocula
grown under illumination with different spectra and/or lower irra-
diancies than those prevailing in the photobiorreactor culture.
Consequently, the cells could suffer a process of photoacclimation on a
species-dependent time-scale, the impact of which on growth dynamics
is function of the magnitude and direction of illumination shift (i.e.
transition from low light to high light or vice versa) [47]. As a result, it
is common to find different growth curves for the same species under
similar growing conditions. According to the results presented herein,



































































































Fig. 2. Effect of the daily mean irradiance (Yave) received by A. carterae and the number
of subcultures (Sub) at each Yave (inset) on the maximum specific growth rates of batch T-
flask cultures based on a multifactor ANOVA. Data points are averages, and vertical bars
represent 95% confidence intervals based on Fisher's least significant difference (LSD)
procedure. Values denoted by a different lowercase letter at each point differ significantly
(p < 0.05; overlapping bars indicate no significant difference. The line represents the fit
of the model (Eq. (2)) to the experimental data (solid circles). The best fit values of α, κ
and μmax are displayed.
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culture presumably has a negligible impact on growth kinetics in
comparison with the effect caused by the change of available irradiance
inside the PBR during batch culture.
3.1.2. Shear-sensitivity of Amphidinium carterae
The cell concentration vs culture time data for the hydrodynamic
stress treatments described in Table 1 are shown in Fig. 3. No sig-
nificant differences between the two replicates of each treatment over
time were observed (nonparametric paired sign tests). The highest
growth rate of A. carterae was achieved for the optimal stress treatment
(OST) reported for K. veneficum [32], with the increase in cell number
being comparable to that measured in the static control up to day 5.
After that point, the OST culture continued to grow in an exponential
phase, overtaking the control. Mixing and air bubbling in the OST
seemed to delay the onset of growth limitation by carbon dioxide. As
can be seen from Fig. 3, one of the most severe treatments (LST-1) for K.
veneficum was also detrimental to A. carterae (i.e., cell concentration
declined substantially over culture time). However, N. gaditana sa-
tisfactorily endured the LST-1 treatment, growing without apparent
damage at a high growth rate. In contrast, the growth of A. carterae was
moderately inhibited under the other lethal treatment (LST-2) reported
to be deleterious to K. veneficum.
This simple study has clearly demonstrated an adverse impact of
low hydrodynamic forces on the growth of A. carterae, as reported
previously [30]. Indeed, these findings are in line with previous studies
showing that not all marine dinoflagellates are equally sensitive to
hydrodynamic stress [2] and are much more sensitive than other shear-
Time of culture, days 









































OST    (A. carterae)
LST-1 (N. gaditana)
Fig. 3. Influence of the hydrodynamic stress treatments described in Table 1 on the
growth kinetics of Amphidinium carterae and Nannochloropsis gaditana cultures in bench-
scale bubble column photobioreactors. Each point is the average of duplicate runs. Ver-
tical bars show the standard deviation. N is instantaneous cell concentration and No is the
initial cell concentration. LST and OST are lethal stress and optimal stress treatments,
respectively, as regards the effect that they caused on growth of the dinoflagellate K.
veneficum in a previous study [32].
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Fig. 4. Dynamics of the sequential batch culture in the
bubble column photobioreactor. (A) Temporal changes in
cell concentration (N), biomass concentration (Cb), in-
stantaneous specific growth rate (μ), and daily mean of the
average irradiance inside the culture (Yave, calculated from
Eq. (6)). Arrows indicate the times of medium replacement
as described in Section 2.1.4. The inset table displays the
maximum specific growth rate for each stage (S1 to S8).
(B) Temporal changes in dissolved nitrate ([NO3−]) and
phosphate ([PO4−3]) concentrations, total nitrogen ([NT])
and phosphorus ([PT]) accumulated in the whole culture
(i.e. within cells and supernatant). Stage 1:
Iomax=220 μEm−2 s−1; Stages 2 to 8:
Iomax=1500 μEm−2 s−1. Data points are averages, and
vertical bars are standard deviation (SD) for duplicate
samples.
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tolerant non-dinoflagellate microalgae, such as N. gaditana. In contrast,
a recent study misleadingly attributed resistance to mechanical stress to
A. carterae by performing culture in bubble column PBRs with an ap-
proximately 2m culture height and an estimated air flow rate of around
0.05 vvmin (details of the sparger were not provided by the authors)
[48]. This aeration rate is similar to that used in the OST culture and
that reported for successful culture of the shear-sensitive marine mi-
croalgal dinoflagellate K. veneficum in tall BC-PBRs because it ensures
freedom from damaging levels of hydrodynamic stress within the do
range assayed [4,32]. Consequently, it is obvious that Fuentes-Grüne-
wald et al. [48] observed an absence of turbulence-related cell damage
as they unintentionally used a preventive combination of H, Q and do.
However, the effects of this aeration rate¡ (i.e., 0.05 vvmin) on cells
could change dramatically without appropriate tuning of other vari-
ables implied in PBR mixing [32].
3.1.3. Culture experiment in the LED-illuminated PBR
A representative sequential batch culture profile for the LED-illu-
minated bubble column PBR is displayed in Fig. 4. The experiment
commenced as a batch culture (Stage 1) with an Iomax value of
220 μEm−2 s−1 using the irradiance pattern of Eq. (1) to make adap-
tation of the inoculum cells to the new conditions in the LED-PBR ea-
sier. After two days, Iomax was increased (Stage 2) to the final value of
1500 μEm−2 s−1 for the rest of experiment. Medium replacement was
performed sequentially five times (Stages 3 to 7). The highest μm values
were obtained for Stages 1 and 2 (0.617 and 0.782 day−1, respectively).
According to the μm-Yave curve for T-flask cultures shown in Fig. 1, LED-
PBR culture was light-saturated in Stages 1 and 2. After 6 days, a sta-
tionary phase was attained in Stage 2 with an N value of around
3.6×105 cells mL−1 (equivalent to 0.102 g d.w. L−1). The following
section discusses how it is stoichiometrically impossible to obtain N
values of more than a few dozens of mg L−1 with the culture medium
composition used (equivalent to a cell concentration ranging from 3.5
to 5×105 cells mL−1, depending on the cell biovolume). As can be
seen from Fig. 4B, rapid depletion of P seemed to be the cause. Indeed,
P was rapidly taken up soon after being added, whereas dissolved ni-
trate continued to be present in excess. This phosphate limitation was
confirmed by repeatedly replenishing the culture at the beginning of
Stages 3 to 7 (Fig. 4B). In contrast, nitrates gradually accumulated in
the culture. Obviously, the quantity of cells and biomass gained by the
culture decreased with each replenishment (or stage), since the avail-
ability of phosphate per cell diminished markedly as N increased with
culture time.
As expected, the γ values varied with time following a sigmoidal
pattern, ranging from 0.9 m−1 at the beginning of the culture to
44.9 m−1 at the end (data not shown). Consequently, Yave varied in-
versely with time, attaining a constant value of around 55 μEm−2 s−1
from Stage 6. The minimum Yave value coincided with the appearance
of the final steady-state phase, when no further growth resulted, from
Stage 7. The corresponding plateau values for N and Cb were
1.7033 ± 0.0427×106 cell mL−1 and 0.540 ± 0.007 g d.w. L−1, re-
spectively. In agreement with Fig. 2, cells exposed to a Yave of
55 μEm−2 s−1 (i.e. close to α) would be virtually growing at μmax.
Therefore, it seems unlikely that light-limitation is the cause of the
steady-state phase. Indeed, a Yave value of close to 50 μEm−2 s−1 in
Stage 1 allowed cells to grow at their maximum growth rate. As nitrates
were added at a rate higher than that at which they were consumed by
the cells, nitrates accumulated in the supernatant with each nutrient
replenishment up to Stage 7. In Stage 8, basal consumption of nitrates
and phosphates was reached by reducing the quantity of nutrient stock
in each replenishment, as described in Section 2.1.4. The Fv/Fm value
did not change significantly during culture, with the average value of
0.60 ± 0.02 being indicative of healthy cells [4]. The cell diameters
ranged from a minimum of 12.210 ± 0.087 μm to a maximum of
14.948 ± 0.069 μm.
The culture dynamics presented above describe a growth pattern
strongly controlled by the phosphate availability in the culture
medium. This culture mode stimulated the synthesis of APDs in cells, as
can be seen in Fig. 5, which represents the EC50 profile of the LED-PBR
culture (EC50 values of supernatant samples are not displayed because
their hemolytic activities were very low). EC50 abruptly declined from
Stage 1 to 2 by 500%, continuing to slowly decrease up to the end of the
culture. The corresponding equivalent saponin potency values ranged
from 52 ± 3 pg cell−1 at the beginning of the culture to
496 ± 22 pg cell−1 at Stage 8. This finding suggests that growth is
compatible with an overproduction of APDs, without the need to es-
tablish a steady-state phase, such as that of Stage 8, which is thought to
accumulate secondary metabolites in cells. Our results are also con-
sistent with recent findings concerning the stoichiometry regulation of
phytoplankton toxins [49]. APDs, which are structurally similar to the
karlotoxins produced by the genus Karlodinium [50], are polyketides
and their synthesis is strongly regulated by the relative availabilities of
nitrogen and phosphorus. In line with this, significant increases in the
cellular quota of karlotoxins were observed in N- and P-limited culture
of Karlodinium veneficum, with the highest enhancement being observed
under P-limitation [49]. Therefore, the culture strategy addressed in
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Fig. 5. Time course of the EC50 (i.e. cell concentration of A. carterae
where 50% of hemolysis is observed) and phosphate concentration
([PO4−3]) in the supernatant for the LED-PBR culture. Data points
are averages, and vertical bars are standard deviations (SDs) for
duplicate samples. Values denoted by a different lowercase letter at
each point differ significantly (p < 0.05) in the one-way ANOVA.
When the SD bar is absent, the SD is smaller than the point.
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this study may be interesting for obtaining long-chain polyketides and
polyethers from marine dinoflagellates, such as the APDs produced by
the genus Amphidinium.
3.1.4. Biomass capacity of the photobioreactor based on the elemental
composition of A. carterae
The elemental composition of A. carterae was determined at the end
of the LED-based PBR culture, as described above in subsection 2.1.12.
Measurements afforded the following P-molar formula for the active
biomass: C329O126H732N69S3P1. All replenishments of modified K
medium accounted for total P and N concentrations of 67 and 6326 μM,
respectively, which accumulated in the broth at the end of the culture
(see Fig. 4B). Given these concentrations and the elemental formula in
Eq. (11), the lowest maximum biomass concentration that could theo-
retically be supported was 0.527 g (d.w.) L−1, corresponding to phos-
phorus. This estimation is virtually identical to that obtained experi-
mentally (see Fig. 4B). This finding clearly suggests that P is the growth-
limiting nutrient in the modified K medium and is consistent with the
[PO4−3] profile in the supernatant observed during batch culture (see
Fig. 4B).
The low biomass capacity of modified K medium
(≈101mg d.w. L−1) is in good agreement with other values reported
for the same species cultured in poor formulation of conventional media
such as L1 medium [51,52]. However, noticeable discrepancies were
found when our results were compared with those reported in a recent
study carried out with the same strain grown with L1 medium in pilot-
scale concentric-tube PBRs operating in batch and semi-continuous
modes [48]. This study presented inconsistences that would have led to
misleading conclusions. For example, the authors reported a recorded
maximum cell concentration of 4.4× 106 cell mL−1, which corresponds
to 0.496 g d.w. biomass L−1. However, from a stoichiometric point of
view, both values are incompatible. Using Eq. (7), and supposing an
average equivalent cell diameter of 13.4 μm (similar to that measured
in our study), the above cell concentration would yield Cb values of 1.00
and 1.66 g d.w. L−1 for ξ values of 0.18 and 0.30 g d.w. mL−1, respec-
tively. In contrast, if N is calculated from Eq. (7) using the value of
0.496 g d.w. L−1, equivalent cell concentrations of 2.19×106 and
1.31×106 cells mL−1 would be estimated, respectively. Similarly, the
maximum and average biomass productivities (120 and 78mg bio-
mass d.w. L−1 day−1, respectively) reported by the authors for semi-
continuous cultures are also stoichometrically inacceptable for a vo-
lume renewal of 30% every 7 days. These figures would imply that the
cells would have taken up almost the quantity of nutrients equivalent to
that contained in L1 medium per culture liter in a single day (according
to Eq. (11) when using the elemental formula reported elsewhere for A.
carterae, namely C126O69.3H250N18S1.34P1 reported elsewhere for A.
carterae [53]); or in three days if our elemental formula was used.
Under both scenarios, the productivities given by authors are im-
possible because only 30% of L1 medium is supplied every 7 days (i.e.
265 μM N and 11 μM P).
A further source of uncertainty comes from the light availability to
cells. According to the same authors [48], an irradiance of
158 μEm−2 s−1 with a photoperiod of 18:6 (L:D) (equivalent to a Yave
of 118 μEm−2 s−1 for the whole illumination cycle), illuminated the
external surface of 5 cm light-path PBRs [48]. As illustrated in Fig. 2,
this irradiance level would presumably provide a specific growth rate
close to maximum in optically thin and nutrient-rich cultures. However,
it is unrealistic to think that this could occur in a dense culture with a
light-path of 5 cm, where a dramatic effect of mutual shading would be
observed at a few millimeters from the illuminated surface for a culture
with a cell concentration of 4.4× 106 cell mL−1. Since the authors did
not report the optical properties of their cultures, a conservative si-
mulation of the local irradiance inside that culture has been made as-
suming the same irradiance model represented by Eqs. (5) to (6) and
using a χ value of 2.11× 10−11 m2 cell−1, as calculated from Eq. (4)
using our experimental measurement of γ (21m−1) and N
(0.88×106 cells mL−1) on day 11 when Yave attained a value of ap-
proximately 118 μEm−2 s−1 (see Fig. 2). As result, a Yave value of
26 μEm−2 s−1 was estimated for an N value of 4.4 106 cell mL−1. As
can be seen form Fig. 2, this Yave would sustain a markedly light-limited
growth phase in the best of cases. All the inconsistences discussed above
may have originated from measurement and/or methodological errors.
Indeed, the growth kinetics reported differ markedly from those typical
and characteristic of robust discontinuous and semi-continuous cul-
tures. Other published findings concerning the culture of microalgal
dinoflagellates in bubble columns contain similar contradictions
[54–56].
3.2. Production of APDNs
The metabolites excreted into the culture media by the dino-
flagellate A. carterae strain ACRN03 were analyzed by extraction with
SPE using a C-18 prepacked cartridge and methanol, as described in
section 2.2.2 (see Fig. 1). Solvent evaporation resulted in 2.39 g of a
dark-brown viscous oil that was first chromatographed on a Sephadex
LH-20 column, using methanol as mobile phase. The most APDN-en-
riched fractions were then processed using an RP-18 Lobar LiChroprep
column and further purified by HPLC on a Water μ-Bondapack C18
column using MeOH:H2O:AcOH (7:3:0.1) to afford the pure polyol
compounds luteophanol D (1), lingshuiol A (2) and a new compound
amphidinol 20 (3) (see Fig. 6), together with some minor congeners
that are still being characterized.
Analysis of the HRESIMS spectrum of amphidinol 20 (3) provided a
pseudomolecular ion [M+Na]+ at m/z 1345.7510, in accordance with
the molecular formula C66H114O26. The corresponding NMR data sug-
gested the presence of two sp2 quaternary carbons, twelve sp2 methines,
two sp2 methylenes, twenty-nine sp3 methines (twenty-seven were
oxymethines), twenty sp3 methylenes (including one oxymethylene)
and two methyl groups. Meticulous analysis of the COSY, TOCSY,
HSQC, HSQC-TOCSY, HMBC and H2BC spectra confirmed the existence
of three independent 1H-1H spin systems (C-1→ C-27, C-29→ C-39 and
C-41→ C-63) strongly resembling those observed in the previously re-
ported compounds 1 and 2. Indeed, the connectivities and chemical
shifts within the C-1→ C-51 moieties of 3 are almost identical to those
present in 1 and 2. All structural and spectroscopic differences found
were located in the last spin system, within the C-52→ C-63 moiety
(Tables S1–S3). Analysis of the 1H-1H, COSY, TOCSY and HSQC-TOCSY
spectra revealed the proton-proton connectivities, and the H2BC spec-
trum allowed the sequence between H-52 and H-63 to be confirmed.
Thus, amphidinol 20 contains a hydrophilic portion at C52-C63 that
closely resembles compound 1 with an additional oxidation at carbon
C-53. This structural proposal was supported by the mass fragment peak
at m/z 1183.6, which was consistent with a cleavage between C-54 and
C-55.
Given the APDN yields presented in Section 2.2.2, the percentages
of luteophanol D, lingshuiol A and amphidinol 20 in the dry weight of
the analyzed organic extract were calculated to be 1%, 0.39% and
0.31%, respectively, thus representing a concentration in the culture
supernatant of 490, 191 and 152 μg L−1, respectively. The data re-
ported in the APDN literature refer to compounds extracted from bio-
mass pellets. Thus, the concentration of cellular luteophanol D in a
750 L culture of Amphidinium sp. was only 1.2 μg L−1 [28], 400-fold
times lower than that obtained in our study. A somewhat better result
(12.8 μg L−1) was reported for luteophanol A [57], but still far from the
values presented here. With respect to lingshuiol, the data reported did
not include the culture volumes used [29], although percentages based
on wet biomass weight seem to indicate very low concentrations in the
culture.
To the best of our knowledge, this is the first time that APDs ex-
creted into a culture medium have been extracted from supernatants. A
preliminary pilot-scale bioprocess for producing high-value extra-
cellular compounds, such as APDs from Amphidinium cultures, is
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proposed in Fig. 1. The process consists of three distinct parts: (i)
production and recovery of the microalgal biomass and supernatants;
(ii) extraction of APDs from supernatants by reverse phase chromato-
graphy; and (3) chromatographic purification of the APD-enriched ex-
tract to yield highly pure (> 95% pure) luteophanol D and lingshuiol A,
and almost pure (> 80% pure) amphidinol 20. Equipment for use on
small to large scales is available commercially for each of the separation
operations used in the bioprocess. Moreover, the exhausted supernatant
can be satisfactorily reused to reformulate the culture medium (data not
shown). The methanol used as solvent in the chromatography can be
recovered by evaporation of the eluted fractions and recycled. In ad-
dition, simple alcohols such as methanol and methanol–water mixtures
are environmentally preferable to highly elaborate solvents. For com-
mercial recovery of high-value products, centrifugation appears to be
the preferred method of separating cells and supernatant from the broth
[58]. However, centrifugal recovery may not be suitable for shear-
sensitive microalgae such as dinoflagellates since the reduced cen-
trifugal acceleration (g) required to avoid cell lysis implies an increase
in the residence time of the cell slurry in the centrifuge by decreasing
the broth flow rate. High residence times on the scale of several hours
may also be harmful because cell damage could occur as a result of the
compressive forces to which cells are subjected once they are in the
pellet [59]. A previous pre-concentration step (e.g. flocculation) could
be used to aggregate the dinoflagellate cells and make centrifugal re-
covery more viable.
From a downstream processing point of view, the recovery of APDs
excreted into supernatants is a huge advantage with respect to their
intracellular counterparts since the interference of other major cellular
compounds (i.e. lipids, fatty acids, etc.) in the APD purification process
is markedly reduced. Notwithstanding this, APDs, many of which pre-
sent hemolytic activity, have been traditionally separated from biomass
pellets [8]. This is consistent with the hemolytic activity results ob-
tained for the methanolic extracts of A. carterae (see Fig. 5). Therefore,
it is expected that further studies with the harvested biomass may yield
interesting titers of known and/or novel APDs.
4. Conclusions
The principles underlying the technical feasibility of recovering
amphidinols (APDNs) excreted into the broth by Amphidinium carterae
using a simple and scalable process have been assessed. The process
consists of three distinct parts: (i) production and recovery of the mi-
croalgal biomass and supernatants; (ii) extraction of APDNs from the
supernatants by reverse phase chromatography; and (3) chromato-
graphic purification. Multi-color LED illumination has been used to
successfully culture A. carterae in a pilot-scale (80 L) bubble column
photobioreactor operated in fed-batch mode with a pulse feeding
strategy.
Excellent yields were obtained for the isolated APDNs luteophanol
D, lingshuiol A and a new analog named amphidinol 20. However, only
a small percentage of the APDN-enriched extract produced has been
explored (nearly 2%). Given the biosynthetic flexibility of the amphi-
dinol pathway, both known and novel APDNs are expected to be
identified from the fractions that remain to be studied. The bioprocess
strategy addressed in this study may also be adaptable to the production
of other long-chain polyketides and polyethers from marine dino-
flagellates.
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A B S T R A C T
The feasibility of the long-term (> 170 days) culture of a dinoflagellate microalga in a raceway photobioreactor
is demonstrated for the first time. Amphidinium carterae was chosen for this study as it is producer of interesting
high-value compounds. Repeated semicontinuous culture provided to be a robust operational mode. Different
concentration levels of the f/2 medium nutrients (i.e. f/2×1–3) were assayed. The composition f/2×3
(N:P=5), combined with a sinusoidal irradiance pattern (L/D=24:0) with a 570 µEm−2 s−1 daily mean ir-
radiance, maximized the biomass productivity (2.5 gm−2 day−1) and production rate of the valuable carotenoid
peridinin (19.4 ± 1.35mgm−2 L−1 with nearly 1% of the biomass d.w.). Several carotenoids and poly-
unsaturated fatty acids were also present in significant percentages in the harvested biomass (EPA,
1.69 ± 0.31% d.w.; DHA, 3.47 ± 0.24% d.w.), which had an average P-molar formulate of
C40.7O21.2H73.9N3.9S0.3P1.
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1. Introduction
Marine dinoflagellate microalgae are a source of numerous fasci-
nating bioactive compounds (Gallardo-Rodriguez et al., 2012; Assunção
et al., 2017). However, supply constraints are a major obstacle to the
successful research, development and commercialization of compounds
from dinoflagellates (Camacho et al., 2007; Gallardo-Rodriguez et al.,
2012; Assunção et al., 2017). In this sense, the lack of custom-made
methods for successfully culturing dinoflagellates in industrial-scale
photobioreactors (PBRs) still represents a hurdle to the production of
large amounts of bioactives because of their high sensitivity to damage
by hydrodynamic stress (García-Camacho et al., 2014). Recent studies
have assessed the feasibility of recovering bioactives (e.g. amphidinols
and karlotoxins) from pilot-plant cultures of the dinoflagellates Am-
phidinium carterae and Karlodinium veneficum using simple and scalable
processes (López-Rosales et al., 2016; López-Rosales et al., 2017;
Molina-Miras et al., 2018). The biomass produced in these systems
contains significant amounts of other high-value compounds, such as
carotenoid pigments and fatty acids, recovery of which would improve
the sustainability and economics of these bioprocesses.
A number of carotenoids are produced by marine dinoflagellate
microalgae. Peridinin, for example, is a unique marker pigment in most
dinoflagellates and has interesting technological applications due to its
unique photophysical properties and potential use in medicine as a
therapeutic agent against different diseases (Henriksen et al., 2002;
Carbonera et al., 2014; Onodera et al., 2014; Ishikawa et al., 2016). In
addition, microalgae currently represent a viable alternative source for
a wide variety of lipids, with the polyunsaturated fatty acids EPA (ei-
cosapentaenoic acid) and DHA (docosahexaenoic acid) being the most
important due to their numerous nutraceutical and pharmaceutical
applications (Adarme-Vega et al., 2014). A. carterae also produces EPA
and DHA (Fuentes-Grunewald et al., 2016).
The biosynthesis of lipids, pigments and polyketide metabolites in
microalgae can be tuned by varying operational and abiotic stress
factors (Van de Waal et al., 2014; Paliwal et al., 2017). Continuous
stress conditions commonly favour the accumulation of these metabo-
lites, but at the expense of significantly reducing their overall pro-
ductivities, thereby ultimately increasing production costs. To mitigate
this problem, a variety of two-stage cultivation strategies have been
reviewed (Paliwal et al., 2017). However, the whole culture is generally
sacrificed at the end of the second stage. Alternatively, repeated fed-
batch and semicontinuous culture modes may be considered to be less
detrimental to the overall process yield.
The PBRs used in dinoflagellate-based bioprocesses are typically of
the bubble column or flat-panel type (Wang et al., 2015; Fuentes-
Grunewald et al., 2016; López-Rosales et al., 2016; López-Rosales et al.,
2017; Molina-Miras et al., 2018), such systems being highly compact
and providing a high surface to volume ratio. However, as far as we are
aware, the use of raceway PBRs to culture dinoflagellate microalgae has
never been reported. Raceway PBRs have been used on a wide variety
of scales to culture non-dinoflagellate microalgae for diverse applica-
tions, with the vast majority of such systems using either sunlight or
conventional indoor lighting for illumination rather than light-emitting
diodes (LEDs). A few studies have recently demonstrated that dino-
flagellates can be successfully cultured in pilot-scale bubble column
PBRs illuminated with multi-color LEDs (López-Rosales et al., 2016;
Molina-Miras et al., 2018). However, very few previous attempts to
culture microalgae in large LED-illuminated raceway PBRs have been
reported for non-dinoflagellate species (Huesemann et al., 2017).
This work reports on the feasibility of culturing a new strain of the
shear-sensitive marine dinoflagellate microalga Amphidinium carterae in
a pilot-scale LED-illuminated raceway photobioreactor sequentially in
batch, fed-batch and semicontinuous modes. Morphological and genetic
identification of the strain of A. carterae was addressed. Different nu-
trient concentrations of the f/2 medium were assayed, either by pro-
portionally multiplying all by the same factor (i.e. f/2×1, f/2×2 and f/
2×3) and/or modifying the N:P ratio by increasing the phosphate-P
concentration. Three regimes of irradiance (L/D=12:12, 18:6 and
24:0) were studied in which a sinusoidal diel variation pattern of ir-
radiance was imposed during the illuminated period. By assuming a
two-dimensional diffuse incident light model, values of the effective
attenuation coefficient of the microalgal suspension and average irra-
diances inside the culture could be determined. The biomass production
capacity of the race-way PBR was analyzed from measurements of
elemental composition of A. carterae and from phosphorous and ni-
trogen balances. Culture dynamics were interpreted in terms of the
above-mentioned variables and factors. The harvested biomass was
evaluated in terms of carotenoid pigments and fatty acid content.
2. Materials and methods
2.1. Maintenance of the microalga and inocula
Amphidinium carterae was isolated by pipetting from a water sample
collected in the Mediterranean Sea (Palma de Mallorca, close to Punta
des Gas, Spain) and deposited in the microalgae culture collection of the
Plant biology and Ecology Department of The University of the Basque
Country as Amphidinium carterae Dn241EHU. The morphological and
genetic identification can be found in the article for Data in Brief. A.
carterae is a shear- and bubbling-sensitive microalga and inocula were
grown in f/2 medium as described elsewhere (Molina-Miras et al.,
2018). The original composition of the f/2 medium has an N:P molar
ratio of 24.
2.2. Cultivation in the LED-based raceway PBR
A. carterae was cultured in a fiberglass paddlewheel-driven raceway
PBR with semicircular ends and a surface area of 0.44m2. Curved
baffles installed at either end ensured a uniformity of flow through the
curved bend and minimized the formation of dead zones. The raceway
channel below the paddlewheel was flat. The PBR was operated at a
culture depth of 7.5 cm (equivalent to a 33 L culture volume) to mini-
mize light attenuation. A six-bladed paddlewheel with flat blades was
used at a rotation speed of 23.1 ± 0.6 rpm, moving the culture at a
flow rate of 20.7 ± 0.3 cm s−1. The flow rate was measured using the
basic tracer method (Sánchez Mirón et al., 2000). Further details of the
culture system are provided in Fig. 1. The RW-PBR was illuminated
using multicolor LED strips (red, green, blue and warm white, collec-
tively referred to as RGBW; Edison Opto Co., Taiwan) similar to those
used in recent studies with dinoflagellate microalgae (López-Rosales
et al., 2016; Molina-Miras et al., 2018). These LED strips were attached
horizontally on the back of a flat plastic (PVC) cover placed on the PBR.
Water losses due to evaporation were compensated at the same rate by
Fig. 1. The raceway photobioreactor. (A) Side and (B) top views.
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automatically adding the required volume of sterile distilled water with
a peristaltic pump actioned by a level sensor. This operational mode
allowed for keeping the culture volume fixed at 33 L. The evaporation
rate depended on the irradiance regime used, the air temperature and
the absolute humidity. An average freshwater evaporation rate of
3.34 Lm−2 day−1 was measured. The pH was maintained at 8.5 by
automatically injecting pure carbon dioxide, as needed by the cells,
through a small microporous gas diffuser in the form of fine bubbles.
This carbon dioxide diffuser was placed at the bottom, immediately
behind the paddlewheel. The culture temperature was maintained at
21 ± 1 °C by circulating thermostated water through a 4.6 m stainless
steel tubular loop (6mm inner and 8mm outer diameters) located at
the bottom of the channels. A. carterae satisfactorily endured the op-
erational conditions set up in the raceway PBR. Photosynthetic effi-
ciency and cytometric measurements carried out routinely in inocula
grown in static T-flasks and the raceway culture did not presented
significant differences, indicating absence of shear damage in the ra-
ceway PBR. This is in line with literature published on PBRs. As agi-
tation levels in raceway ponds are very low (< 1W/m3) compared to
bubble column PBRs (< 100W/m3), shear stress from mixing is not a
significant concern in this kind of culture systems. On the other hand,
these ponds are much shallower (< 20 cm) than bubble column PBRs
(around 2m), and therefore shear stress associated with bubbling is also
negligible.
f/2 medium was used as a basis for assaying different nutrient
concentrations either by proportionally multiplying all by the same
factor (i.e. f/2×1, f/2×2 and f/2×3) and/or decreasing the N:P ratio
from 24 for f/2×1 medium to 5 by increasing the phosphate-P con-
centration. All culture media were prepared using filter-sterilized
Mediterranean seawater and then autoclaved. Three culture modes
were assayed with this temporal sequence: batch, fed-batch mode with
a pulse feeding strategy and semicontinuous mode. The experiment
started with a batch culture phase in which the f/2 medium (30 L) was
inoculated with 3 L of an inoculum containing algal cells in the late
exponential growth phase. The cell concentration in the freshly in-
oculated photobioreactor was around 3.1×104 cells mL−1. In fed-
batch mode, concentrated medium stocks were added every time a
stationary growth phase was reached. For this, 1 L of culture was re-
placed by an equal volume containing a nutrient stock equivalent to
33 L of the medium used. Once pulses of nutrient stock did not increase
the cell concentration, a semicontinuous mode was explored until the
end of the study. Semicontinuous operation consisted in removing a
variable culture volume and replenishing with an equal volume of fresh
medium. Each replenishment was carried out once the culture entered a
stationary phase. Each time, and after measuring phosphate and nitrate
in the supernatant, the fresh medium was supplemented with phos-
phate and nitrate stock solutions so that the final concentrations of
these nutrients in the whole culture volume (=33 L) were close to the
values established for the medium formulation selected (i.e. f/2×1, f/
2×2 or f/2×3). The other remaining nutrients were added in equiva-
lent quantities to those of the medium formulation selected.
Semicontinuous culture was repeated several times for each experi-
mental combination evaluated (i.e. medium formulation and illumina-
tion regime). After every replenishment, a cell concentration of about
106 cell mL−1 was fixed as baseline in all sets in semicontinuous mode.
The complete operational strategy is summarized in detail in Table 1,
where an explanation of the intervals for each experimental set is also
provided.
A sinusoidal diel variation pattern of irradiance was imposed using


















where Iomax is the maximum irradiance occurring at midday; tsr is the
time of sunrise; and tss is the time of sunset. The PBR was operated
under three illumination regimes given by Eq. (1), as described below.
The value of Iomax in Eq. (1) was first measured at the bottom with the
photobioreactor filled only with seawater. Measurements were per-
formed at different axial locations along the central axis of the channel.
A relatively low average Iomax of 300 µEm−2 s−1 was fixed for the first
four days of the batch culture phase (Set 1) in order to facilitate ac-
climation of the inoculum. The Iomax value for the rest of the culture
time was 900 µEm−2 s−1. Irradiance values were measured using a
spherical quantum sensor (Biospherical QSL 100; Biospherical Instru-
ments Inc., San Diego, CA, USA). A two-dimensional diffuse incident
light scenario in which irradiance did not vary significantly along the
axial axis of the channel can be assumed with this kind of LED setup
(López-Rosales et al., 2016; Molina-Miras et al., 2018). Therefore, and
assuming the attenuation of irradiance inside the culture complies with
the Beer-Lambert law for homogeneous media, the total irradiance
reaching a point at the bottom from all directions contained in the axial
plane of the channel can be calculated using the following equation:
∫=
−
−I L t I t
π
e dβ( , ) ( )o
π
π κ t L β
/2
/2 ( )· cos( )
(2)
In Eq. (2), L is the depth of the culture, I(L, t) is the irradiance at the
bottom at any time t during culture; Io(t) is the irradiance determined
according to Eq. (1) at the bottom of the PBR filled with the culture
medium; β is the angle of penetration of the incident light beam in the
axial plane of the channel; and κ(t) (m−1) is the effective attenuation
coefficient of the microalgal suspension averaged over the PAR wave-
lengths. Eq. (2) was used to determine κ(t) from measurements of I(L,t)
at different cultures times. Thus, the local irradiance at a depth x can be
estimated at any instant by
∫=
−
−I x t I t
π
e dβ( , ) ( )o
π
π κ t x β
/2
/2 ( )· cos( )
(3)
In this case, κ(t) is related to the effective light attenuation across a
cell averaged over the PAR wavelengths, α(t) (m2 cell−1), and the cell
number concentration, N (cells m−3), by the following equation (López-
Rosales et al., 2016):
=κ t α t N t( ) ( )· ( ) (4)
Thus Eq. (4) allows us to obtain α(t). Values for the average irra-
diance inside the culture (Iav (t), µEm−2 s−1) were estimated using the
following equation:
∫=I t L I x t dx( )
1 ( , )av
L
0 (5)
The daily mean Iav (i.e. Yav) values for any given day were calcu-
lated as follows:







As indicated in Table 1, the three diel variation patterns of irra-
diance assayed were the following: (i) 12:12; (ii) 18:6; and (iii) 24:0.
That is, LEDs were turned on in the timeslots (tsr–tss) 6:00–18:00 h,
6:00–24:00 h and 6:00–6:00 h, respectively. Equation applied at κ=0
(i.e. culture without cells) provides the daily mean irradiance Yo sup-
plied to the culture medium. The value of Yo was calculated for each of
the diel variation patterns of irradiance used in this study (see Table 1).
2.3. Other analytical measurements
The cell number concentration (N) and average cell diameter were
quantified by flow cytometry, as described elsewhere (López-Rosales
et al., 2016). Five measurements per sample were performed and the
average value was used. The biomass dry weight was determined as
described previously (Molina-Miras et al., 2018). All experiments were
performed in triplicate. Two biomass concentration calibration curves
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were determined. One of them expressed as dry weight (Cb) versus
optical density at 720 nm (OD720): Cb (gL−1)= 1.012×OD720
(r2= 0.926; n=56). The other one as dry weight (Cb) versus cyto-
metric biovolume of cells per mL of culture (Vc): Cb
(gL−1)= 0.176×N× Vc (r2= 0.877; n=56). Biomass (d.w.) and cell
productivities were calculated in terms of culture volume (i.e. volu-
metric values) and occupied area (i.e. areal productivities). The ratio
between the maximum variable fluorescence (FV) and the maximum
fluorescence (FM) of chlorophyll (i.e. FV/FM) in cells was routinely de-
termined as described previously (López-Rosales et al., 2015). Total
phosphorus (PT) and nitrogen (NT) in biomass and supernatants and
phosphate-P and nitrate-N in supernatants were determined as de-
scribed in a recent study (Molina-Miras et al., 2018). Measurements
were carried out in duplicate samples and average value was used.
The elemental composition of the biomass was determined as pub-
lished previously (Molina-Miras et al., 2018), with only atoms found in
the main macromolecules (C, O, N, H, S, P) being taken into account.
Measurements were carried out in duplicate. NOCHSP analysis was
carried out for the biomass harvested in the semicontinuous culture in
Sets 3–7 (see Table 1). The potentially growth-limiting macronutrients
in the culture medium were nitrate-N and phosphate-P. Carbon and
sulfur were present in excess (Molina-Miras et al., 2018). The theore-
tical maximum biomass concentration (Cbmax) for nitrate-N and phos-
phate-P from the culture medium was calculated as described pre-
viously (Molina-Miras et al., 2018). The element (nitrate-N or
phosphate-P) producing the smallest Cbmax is considered to be the
growth-limiting nutrient. The fatty acid (FA) content and profile were
obtained by direct transesterification and gas chromatography (6890 N
Series Gas Chromatograph, Agilent Technologies, Santa Clara, CA, USA)
as described by Rodríguez-Ruiz et al. (Rodríguez-Ruiz et al., 1998).
Measurements were carried out in duplicate.
The pigment content and profile in cells were determined using an
HPLC apparatus equipped with a diode array detector, as explained in
Seoane et al. (Seoane et al., 2009), following the method described in
Zapata et al. (Zapata et al. 2000). Pigments were identified on the basis
of their retention times and absorbance spectra. Retention times were
compared with those of pure standards obtained commercially from
DHI (Hoersholm, Denmark) and those reported elsewhere (Jeffrey,
1997; Zapata et al., 2000). HPLC calibration was performed using the
external standards provided by DHI (chlorophylls a, b and c2, and
carotenoids fucoxanthin, lutein, zeaxanthin and peridinin). The molar
extinction coefficients reported in the literature were used to quantify
those carotenoids not calibrated using commercial standards (Jeffrey,
1997). Measurements were carried in duplicate using cultures samples
of 10mL.
2.4. Statistical analyses
Multifactor ANOVAs and non-linear regression analyses were per-
formed using Statgraphics Centurion XVI (StatPoint, Herndon, VA,
USA).
3. Results and discussion
3.1. Culture experiment in the PBR
A representative culture profile for the LED-illuminated RW-PBR is
displayed in Fig. 2. The Fv/Fm value did not change significantly during
culture, with the average value of 0.625 ± 0.023 being indicative of
healthy cells throughout the culture time (Fig. 2A). The cell diameter
Table 1
The strategy used in this study. Seven experimental sets were defined in terms of the culture mode, the daily mean irradiance Yo received by the culture (given by Eq.
(6) at κ=0), composition and N:P molar ratio of the culture medium. The specific intervals for each culture mode are included. The column labelled nutrients
describes stock solutions for fed-batch mode and the initial composition of the culture medium in the semicontinuous mode. The percentages of replenished culture
volume in semicontinuous mode are also shown. The maximum irradiance occurring at midday, Iomax, appears in Eq. (1). [NO3−]o, [PO43−]o and (N:P)o represent







Yo, µEm−2 s−1 [NO3−]o, µM [PO43−]o, µM (N:P)o Replenished volume
(%)
Nutrients
1 0–4 Batch 300 12:12 100 882 36,2 24 – f/2×1
5–9 900 286 –
2 9–14 Fed-batch 900 12:12 286 882 36,2 24 – f/2×1 (165mL stock
solution)
14–20 f/2×1 (165mL stock
solution)
20–22 f/2×1 (165mL stock
solution)
22–24 f/2×1 (165mL stock
solution)
24–27 882 108,6 8 – (PO43−)f/2× 3 (100mL
stock solution)
3 27–29 Semicontinuous 900 12:12 286 882 36,2 24 20 f/2×1








5 77–85 18:6 430 1764 362 5 45 f/2×2; [PO43−]f/2× 10
85–92 60
92–99 60
6 99–110 18:6 430 2646 529 5 60 f/2×3; [PO43−]f/2× 14.6
110–122 70
122–127 –
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Fig. 2. Dynamics for sequential culture of the microalga Amphidinium carterae in the pilot-scale LED-illuminated raceway photobioreactor. Temporal changes in (A)
the cell concentration (N) and maximum photochemical yield of photosystem II (FV/FM); (B) average irradiance available for the cells (Iav) and effective attenuation
coefficient of the microalgal suspension (κ); (C) effective light attenuation across a cell (α); (D) dissolved nitrate ([NO3−]) and phosphate ([PO43−]) concentrations in
the supernatant are shown. The vertical dotted lines delimit the different experimental sets performed according to the strategy described in Table 1. Data points are
averages, and vertical bars are standard deviations (SD) for duplicate samples.
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averaged throughout the culture time was 12.37 ± 1.09 µm (n=711).
However, fluctuations in cell diameter, ranging from a minimum of
10.70 ± 0.15 µm to a maximum of 15.53 ± 0.06 µm, were observed,
thus implying significant changes in cell biovolume from 641 ± 27 to
1961 ± 23 µm3, respectively. Set 1 commenced as a batch culture (Set
1) with an initial Yo value of 100 µEm−2 s−1 to allow the inoculum
cells to adapt to the new conditions in the LED-PBR. After four days, Yo
was increased to 286 µEm−2 s−1 and maintained for the rest of the Set.
A stationary phase was attained after 9 days in Set 1 with an N value of
around 4.5×105 cells mL−1 (equivalent to 0.12 g d.w. L−1) (Fig. 2A).
As can be seen in Fig. 2D, rapid depletion of dissolved phosphate-P in
the supernatants seemed to be the cause. Indeed, phosphate-P was ra-
pidly taken up soon after being added, whereas nitrate-N continued to
be present in excess. As illustrated in Fig. 2D, this phosphate-P limita-
tion was confirmed by repeatedly replenishing the culture, as specified
in Table 1 for Set 2. In contrast, nitrates gradually accumulated in the
culture. Obviously, the quantity of cells and biomass gained by the
culture decreased with each replenishment (or stage), since the avail-
ability of phosphate per cell diminished markedly as cell concentration
(N) increased with culture time. This dynamics is similar to that re-
ported for A. carterae and K. veneficum grown in bubble-column PBRs
(López-Rosales et al., 2016; Molina-Miras et al., 2018). Despite the
repeated additions of nutrients performed in Set 2, there was no growth
beyond day 20. Possible light-limited growth was ruled out since the
average irradiance available for the cells (Iav) (see Fig. 2B) was above
the basal value and could sustain a higher cell concentration in the
culture, as demonstrated subsequently in the semi-continuous culture.
From days 20–24, the repeated additions of f/2 stock solutions were
insufficient to support even a stationary growth phase. However, the
single addition of phosphate-P on day 24 of culture led to a slight in-
crease in cell concentration until day 27. Apparently, fed-batch culture
using the high N:P ratio (=24) of the f/2 medium meant that phos-
phorus became a limiting nutrient and strong growth regulator, thereby
not allowing a balanced and sustained growth.
From day 27 different semi-continuous cultures (sets 3–7 in Table 1)
were carried out with an N:P ratio in the replenished fresh medium of 5.
In all cases the final cell concentration (Nf) achieved increased pro-
gressively as both Yo and/or the concentration of nutrients based on the
nutrient proportion in the f/2 medium (i.e. f/2×i) increased. The dy-
namics of N, Iav, and nitrate and phosphate concentrations in the su-
pernatants followed a consistent pattern typical of semicontinuous
cultures in which batch cultures are repeated sequentially (Fig. 2). In all
sets, N increased as nitrate and phosphate in the medium were con-
sumed by the cells (see Fig. 2). Likewise, Iav decreased sharply due to
the increase in the mutual shading between cells, which is consistent
with an increase in κ since this is directly proportional to N (see Eq. (4)).
However, during the deceleration phase of growth, κ decreased over
time even though N continued to increase, thus implying a slight in-
crease in Iav. The corresponding values of α represented in Fig. 2C were
calculated using Eq. (4). It can be seen that α began to decrease a few
days after the beginning of each batch. The dynamics of α paralleled the
evolution of nitrates and phosphates in the supernatant (Fig. 2C and D).
In other words, α decreased when nutrients began to clearly limit
growth. This observation is in good agreement with earlier results re-
ported for cultures of other microalgae in which absorption cross-sec-
tions of microalgae strongly decreased upon nitrogen limitation of
growth (Reynolds et al., 1997). The variation of α with culture time
could therefore be caused by acclimation of cells to changes in light and
nutrient availability from Set 3–7 and during the batch-growth phase of
each Set. In fact, nitrogen limitation is known to modify the pigment
packaging in cells and/or the abundance of accessory light-harvesting
pigments (Reynolds et al., 1997), as discussed below.
Fig. 3 shows the effect of the combinations of culture conditions in
Sets 3–7, carried out in semicontinuous culture mode, on different ki-
netic variables such as Nf and biomass productivities (Pb), as expressed
in terms of cells or biomass dry weight. To mitigate the potential effects
of acclimation in cells when changing from one experimental set to
another, the data represented in Fig. 3 were calculated using the
measurements of the last two semicontinuous cultures for each set. For
Set
















































































































Fig. 3. Effect of irradiance level and culture medium composition on (A) the
final cell and biomass concentration (Nf), (B) volumetric and areal cell pro-
ductivities (P), and (C) volumetric and areal biomass productivities (P) in the
different semicontinuous cultures (experimental sets from 3 to 7). Sets 3 and 4:
effect of the daily mean irradiance supplied to the culture, Yo
(Yo3=286 µEm−2 s−1; Yo4=430 µEm−2 s−1) using f/2×1 at an N:P ratio of
5 as culture medium. Sets 6 and 7: effect of Yo (Yo6=430 µEm−2 s−1;
Yo7=573 µEm−2 s−1) using f/2×3 (N:P=5) as culture medium. Sets 4, 5 and
6: effect of the proportion of f/2 nutrients added (i.e. f/2 ×1, ×2 and ×3) at a
Yo of 430 µEm−2 s−1. Data points are averages and values denoted by a dif-
ferent lowercase at each point differ significantly (p < 0.05) in the one-way
ANOVA. Bars around points represent 95% confidence intervals based on
Fisher’s least significant difference (LSD) procedure. Overlapping bars indicate
no significant difference.
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comparison purposes, the following combinations of sets were selected
on the basis of the effect of the factors explored with them (see Table 1):
(i) sets 3 and 4 were used to compare the effect of Yo corresponding to
the irradiance diel variation patterns of 12:12 and 18:6, respectively,
using f/2×1 (N:P= 5) as culture medium; (ii) sets 6 and 7 were used to
compare the effect of Yo corresponding to the irradiance diel variation
patterns of 18:6 and 24:0, respectively, using f/2×3 (N:P= 5) as cul-
ture medium; (iii) sets 4, 5 and 6 were used to evaluate the effect of the
proportion of f/2 nutrients added (i.e. f/2 ×1, ×2 and ×3) at a fixed
value of Yo. As can be seen from Fig. 3A, Nf increased progressively
throughout the experimental run, with maximum values of around
5×106 cell mL−1 and 0.67 gL−1 being achieved in the last set. On
average, Nf was improved by 172% (based on cells) and 221% (based
on biomass dry weight) relative to Set 3, and 931% and 771% relative
to Set 1. The differences in these percentages can be attributed to dif-
ferences in the average cell size throughout the culture time. Indeed,
the cell concentration and biomass dry weight did not correlate well,
whereas the opposite was found for the culture biovolume (see Mate-
rials and Methods section). As regards biomass productivity, the Pb
values improved significantly upon increasing Yo from 286 (Set 3) to
430 µEm−2 s−1 (Set 4), using f/2 medium at N:P=5. The light avail-
ability for cells increased in Set 4 compared to Set 3 due to a reduction
in the effective light attenuation across a cell (α) averaged in Set 4
relative to Set 3 (see Fig. 2C). In contrast, the Pb values did not suffer
substantial changes when multiplying the concentrations of all nu-
trients by up to 3 (Sets 4–6), remaining constant at an (N:P)medium of 5
and Yo of 430 µEm−2 s−1 (Fig. 2B and C). The positive effect of in-
creasing Nf resulting from the higher availability of nutrients from Set
4–6 was, in turn, neutralized by the slight increase in mutual cell
shading observed (i.e. increase of the average α value for each Set (see
Fig. 1C)). This negative effect was reverted in Set 7 by increasing Yo and
medium nutrients up to 573 µEm−2 s−1 and f/2×3, respectively. The
values of Pb and Nf increased again markedly. All the increases and
decreases in α observed in Fig. 2C were consistent with the corre-
sponding changes measured in the cell pigments, as discussed below. In
summary, the maximum Pb values were achieved in the last set:
25.8×104 cell mL−1 day−1 or 19× 106 cell m−2 day−1 (Fig. 3B) and
0.033 g L−1 day−1 or 2.5 gm−2 day−1 (Fig. 3C). This represents an
almost 4.5-fold improvement from set 3 to set 7.
3.2. Biomass capacity based on the elemental composition of A. carterae
The total amount of biomass dry weight produced by the PBR was
169.3 g (d.w.). Since the elemental composition of the biomass varied
slightly among the different experimental sets, although not system-
atically, a weighted average elemental composition of 48.8 ± 0.2
(C%), 33.8 ± 0.3 (O%), 7.5 ± 0.1 (H%), 5.2 ± 0.1 (N%), 1.0 ± 0.1
(S%). 3.2 ± 0.1 (P%) was calculated (n= 38) for the whole biomass
obtained. This means that the phosphate-P and nitrate-N quantities
actually fixed in the biomass were 5.24 ± 1.01 and 9.13 ± 2.37 g,
respectively. All replenishments of culture medium accounted for
phosphate-P and nitrate-N quantities of 5.97 and 15.11 g, respectively.
If, in addition, the quantity of phosphorous (0.54 g) and nitrogen
(0.81 g) withdrawn in the supernatants of the samples and the culture
harvested in Sets 3–7 is taken into account, the phosphate-P and nitrate-
N theoretically fixed in the biomass should have been 5.43 g and 14.3 g,
respectively. These estimations differ from the experimental values by
less than 4% for phosphorous and 36% for nitrogen. Given these
amounts and the average elemental composition described above, the
maximum biomass yields that could theoretically be supported would
be 169.81 and 275.14 g (d.w.) for phosphate-P and nitrate-N, respec-
tively. According to these estimations, phosphate-P was the main
growth-limiting nutrient. This result is consistent with the phosphate-P
profile in the culture supernatant observed in Fig. 2D, where [PO43−] is
always close to being exhausted in all sets. In contrast, nitrate-N in the
supernatants was exhausted before phosphates in Sets 3–7 even though
nitrates were apparently in excess, as also demonstrated by the cell N:P
molar ratio of 3.9 calculated from the average biomass elemental
composition. In light of this observation, the lost nitrate-N is likely to
have been incorporated into forms other than the suspended culture.
That is, there must be another small sink of nutrients incorporating N
and P. The main candidate seems to be the biofouling layer of A. car-
terae developed on various parts of the PBR. Photographs of the newly
emptied PBR taken after 249 days of culture support this hypothesis.
Although the A. carterae biomass forming part of biofouling could not
be accurately measured, it seems plausible that the actual biomass
generated by the PBR was somewhat higher than the 169 g determined
experimentally, thus being closer to the 275 g expected theoretically if
nitrate-N was the growth-limiting nutrient. Irrespective of this, the re-
sults seem to indicate that both nitrate-N and phosphate-P in the culture
medium were growth co-limiting.
The corresponding average P-molar formula derived from the above
average biomass elemental composition was C40.7O21.2H73.9N3.9S0.3P1,
with the molar ratios C:P=40.7, C:N= 10.4 and N:P=3.9. Literature
data reveal a marked variability for microalgae, and significant varia-
tions in these ratios have been reported for dinoflagellates
(C:P=36–166, C:N=5–11.3 and N:P=5.5–23) (Leonardos and
Geider, 2004). This variability in the macronutrient (C:N:P) stoichio-
metry was associated with both phylogenetic differences and the wide
range of growth conditions used (Leonardos and Geider, 2004). In
general, abiotic factors that may affect the elemental composition of
microalgae include nutrient concentration ratios, light phase length,
irradiance level, salinity or temperature, and several studies have
confirmed this unpredictability in the case of A. carterae. For example,
when cultured at different irradiances ranged from 15 to
500 µEm−2 s−1, the strain A. carterae Hulburt presented minimum
values for the C:P (=105) and N:P (=4.1) ratios at the intermediate
irradiance of 100 µEm−2 s−1 and average maximum values of 180 and
23, respectively, at the limits of the irradiance range assayed (Finkel
et al., 2006). In contrast, the C:N ratio (=26) reached a maximum at
the same intermediate irradiance and a minimum (C:N≈ 7.6) at the
limits of the irradiance range (Finkel et al., 2006). In another study, the
C:P, C:N, and N:P ratios for A. carterae Hulburt varied by less 35%, 14%
and 9%, respectively, when cultured at medium N:P ratios ((N:P)medium)
ranging from 4 to 20; an average C:N:P ratio of 167:23:1 was de-
termined (Sakshaug et al., 1983). However, when grown at an
(N:P)medium of 10, A. carterae presented a C:N:P ratio of 37:4.1:1
(Parsons et al., 1961), similar to that found in this work. On the other
hand, when cultured at different (N:P)medium values (between 10 and
40), the strain A. carterae BAHME54 only presented a significant var-
iation in the C:P ratio (112–181), whereas C:N and N:P remained vir-
tually constant at around 7.8 and 18, respectively (Sakshaug et al.,
1984). In contrast, the C:N ratio of the strain A. carterae ACRNO3 grown
under an (N:P)medium of 24 fluctuated non-systematically in the range
3.3–11.7 (Fuentes-Grunewald et al., 2016). More recently, the same
strain showed a P-molar formula of C326O126H732N69S3P1, which is
consistent with a growth strongly regulated by phosphate-P availability
in the culture medium ((N:P)medium=88) (Molina-Miras et al., 2018).
Methodological differences between studies may also have contributed
to the variability described in the above survey. For example, it has also
been demonstrated that microalgae markedly alter their C:N:P ratios as
a result of changes in the culture pH since the availability of dissolved
CO2 is modified (Burkhardt et al., 1999). As a result, it is impossible to
establish a unique elemental formula for any microalga.
3.3. Pigments
Fig. 4 displays the cell pigment contents, pigment percentage by
dried biomass weight and pigment titers in the cultures for experi-
mental Sets 3–7 carried out in semicontinuous mode (data represented
in Fig. 4 were also calculated from the measurements of the last two
semicontinuous cultures for each set, as mentioned above for Fig. 3).
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Although the pigment composition showed important differences
among sets, all samples analyzed contained diadinochrome, β-carotene,
peridininol, diatoxanthin, dinoxanthin, pyrrhoxanthin, diadinoxanthin,
chlorophyll c2, peridinin and chlorophyll a. This pigment profile is
consistent with that for the peridinin-containing dinoflagellate micro-
algae defined as Type 1 (Dinophyta) by Jeffrey and Wright (Jeffrey and
Wright, 2006), with chl-a as major pigment and peridinin as the major
carotenoid. In fact, A. carterae has been recommended as a source of
pigments to produce standards (Jeffrey and Wright, 2006). The varia-
tion range of the pigment cell quotas (pg cell−1) measured (see Fig. 4)
were in line with data previously reported for A. carterae (Ruivo et al.,
2011). The total pigment yields, expressed as percentage of biomass dry
weight, ranged from 0.75 ± 0.15% for Set (4) to 3.26 ± 0.29% for Set
(7). Carotenoids accounted for between 0.33 ± 0.07% and
1.34 ± 0.13% of the biomass dry weight. The lowest value was similar
to that reported for two strains of A. carterae grown under different
culture conditions and with a different medium composition to those
used in this study (Johansen et al., 1974).
Pigment concentrations on a per cell basis decreased systematically
as Yo increased from 286 µEm−2 s−1 in set 3 to 430 µEm−2 s−1 in set 4
and from 430 µEm−2 s−1 in set 6 to 573 µEm−2 s−1 in set 7 (see
Fig. 4). This pattern of photoacclimation regulating the size of the light-
harvesting antennae based on the irradiance level received by the cells
is in good agreement with a previous study carried out with A. carterae
(Ruivo et al., 2011). The exceptions to this pattern were the minority
photoprotective pigments pyrrhoxanthin and diatoxanthin, neither of
which showed any clear trend (see Fig. 4). Photoprotective pigments
allow excess energy to be regulated as a result of heat dissipation. Since
the Yo levels assayed were not photoinhibitory for A. carterae, as re-
ported previously (Molina-Miras et al., 2018), the cells did not compel
their photoprotective machinery.
Nutrient availability also influenced pigment synthesis. Thus, the
increased nutrient concentrations in the culture medium from f/2×1 in
set 4 to f/2×3 in set 6 resulted in greater cellular pigment contents,
except for the minor pigment pyrrhoxanthin, the effect on which was
not significant. These results are in line with others published pre-
viously for the dinoflagellate Heterocapsa sp. (Latasa and Berdalet,
1994). The intracellular concentration of the pigments chl-a, chl-c,
peridinin, diadinoxanthin, diatoxanthin and β-carotene in Heterocapsa
sp. declined when cultured in batch mode under deficiency of nitrogen
and phosphorus (Latasa and Berdalet, 1994).
In spite of the great diversity of microalgal carotenoid pigments
reported, only a few, including β-carotene, astaxanthin, lutein, can-
thaxanthin and fucoxanthin, are currently of commercial interest (Gong
and Bassi, 2016). However, the majority of industrially produced car-
otenoids are synthesized chemically, and of the small portion marketed
from natural sources, microalgae are still at a disadvantage with respect
to plants in cases such as lutein. The advantages, disadvantages and
future of non-dinoflagellate microalgae as a carotenoid source have
been comprehensively discussed in recent reviews (Gong and Bassi,
2016). Dinoflagellates only produce two of the above-mentioned five
carotenoids, namely β-carotene and fucoxanthin. With the titers
achieved herein for these two pigments, it is improbable that marine
dinoflagellates could compete with non-dinoflagellate microalgae, at
least in the short term. Notwithstanding this, enhanced biomass yields
in the mass culture of a few dinoflagellate species in photobioreactors
have recently allowed a scale-up to a pilot-scale level to produce high-
value bioactive substances (Jauffrais et al., 2012; López-Rosales et al.,
2017; Molina-Miras et al., 2018). In this scenario, pigments are gen-
erated as co-products and should, in general, be extracted to improve
the economics and sustainability of these bioprocesses, as occurs in the
case of microalgae-based biorefineries (Chew et al., 2017). The
Fig. 4. Effect of irradiance level and culture medium composition on the pigment content expressed in terms of broth titer (µgL−1), cell specific content (pg cell−1)
and percentage biomass dry weight (% d.w.). (A) Chlorophyll a; (B) Peridinin; (C) Chlorophyll c2; (D) Diadinoxanthin; (E) Pyrrhoxanthin; (F) Dinoxanthin; (G)
Diatoxanthin; (H) Peridininol; (I) β-carotene; (J) Diadinochrome. Sets 3 and 4: effect of the daily mean irradiance supplied to the culture, Yo (Yo3=286 µEm−2 s−1;
Yo4=430 µEm−2 s−1) using f/2×1 at an N:P ratio of 5 as culture medium. Sets 6 and 7: effect of Yo (Yo6=430 µEm−2 s−1; Yo7=573 µEm−2 s−1) using f/2×3
(N:P=5) as culture medium. Sets 4, 5 and 6: effect of the proportion of f/2 nutrients added (i.e. f/2 ×1, ×2 and ×3) at a Yo of 430 µEm−2 s−1. Data points are
averages, and vertical bars are standard deviations.
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carotenoids from A. carterae only present in dinophytes (i.e. peridinin,
pyrrhoxanthin and peridininol, as far as we know) deserve special at-
tention due to the absence of alternative non-microalgal natural
sources. The most representative of these is peridinin. A carterae is also
an important source of peridinin-chlorophyll-a-protein, PCPs
(Carbonera et al., 2014). The peridinin content achieved herein ranged
from 0.2% to 0.9% of biomass dry weight, which falls within the ranges
reported for other dinoflagellates (Johansen et al., 1974; Benstein et al.,
2014). The maximum peridinin titer (4.44 ± 0.31mgL−1) was ob-
tained in Set 6, with an average production rate of
19.4 ± 1.35mgm−2 L−1. This peridinin productivity is similar to the
maximum value reported for the dinoflagellate Symbiodinium voratum
when grown immobilized in a bench-scale twin-layer PBR (Benstein
et al., 2014). The maximum productivities for the other minor car-
otenoids were well below that for peridinin. However, it should be
taken into account that the optimal abiotic stresses maximizing the cell
synthesis of metabolites may differ depending on the metabolite in
question (Paliwal et al., 2017). Indeed, this is the case for A. carterae in
this study, where the predicted optimal operating conditions for
bioactive macrolides and carotenoids were not entirely coincident. If
they were, cell carotenoids could markedly increase as well. For ex-
ample, elevated shear regimens enhanced the cell-specific production of
the yessotoxins, peridinin and dinoxanthin in the marine dinoflagellate
Protoceratium reticulatum as long as the intensity of the shear stress was
insufficient to kill the cells outright (Rodríguez et al., 2009)
3.4. Fatty acids
Fig. 5 shows radar plots profiling mean levels of the saponifiable
fatty acids (FAs) determined in the biomass of A. carterae cultured in
semicontinuous mode (Sets 3–7). The FAs quantified comprised tetra-
decanoic acid (14:0), hexadecanoic acid (16:0), octadecanoic acid
(C18:0), oleic acid (18:1n9), 9-eicosenoic acid (20:1n9), stearidonic
acid (SDA; 18:4n3), EPA (20:5n3) and DHA (22:6n3). The total FA
content (FAT) was not significantly affected by the environmental
conditions tested in the semicontinuous cultures (Set 3–7), with an
average FAT value of 13.0 ± 0.9% d.w. for all sets. FAs were grouped
into three classes, namely saturated (SFAs), monounsaturated (MUFAs)
and polyunsaturated (PUFAs) fatty acids (Fig. 5A). Irrespective of the
set considered, the majority of SFA was 16:0 (Fig. 5B); the dominant
MUFA was 18:1n9, whereas proportions of 20:1n9 were always low
(Fig. 5C). A. carterae was always rich in SDA, EPA and DHA (Fig. 5D).
The PUFA fraction was always higher than 56% of the FAT, except in Set
4. This profile exhibited by A. carterae is in line with others reported
previously for the same species grown photoautotrophically (Bigogno
et al., 2002; Mansour et al., 2005).
The variations in the A. carterae fatty acid profile (relative to both
biomass dry weight and total saponifiable fatty acids), together with the
availability of nutrients in the culture medium and irradiance, followed
a general pattern that is well-established in the literature (Reitan et al.,
1994; Khoeyi et al., 2012). Thus, in the transition from Set 4–6 (nu-
trients in the culture medium increased from f/2×1 to ×3 (see
Table 1)), relative levels of SFAs and MUFAs (mainly 18:1n9) declined
as nutrient concentration increased, whereas the relative amounts of
PUFAs increased (see Fig. 5), as observed previously for other species
(Reitan et al., 1994). In contrast, in the transitions from Set 3–4 and
from Set 6–7, which are characterized by an increase in the daily mean
irradiance (Yo in Table 1), the relative amounts of PUFAs and SFAs
decreased and increased respectively (more strongly from Set 3–4) (see
Fig. 4). An exception was found for the DHA content, which increased
slightly with Yo, as also observed for several dinoflagellate microalgae
(Zhukova and Titlyanov, 2006). The maximum PUFA productivity of
biomass was found in Set 7, with an average value of
2.19 ± 0.55mgL−1 day−1 and mean EPA and DHA contents with re-
spect to biomass dry weight of 1.69 ± 0.31% d.w. and 3.47 ± 0.24%
d.w.
3.5. Future prospects
In essence, the culture system developed in this study can be ex-
tended to production of bioactives and metabolites obtained from mi-
croalgal dinoflagellate-based bioprocesses. A paddlewheel-driven ra-
ceway PBR may be effectively used up to a working volume from
several hundred to thousand liters to grow photoautotrophically a
Fig. 5. Radar plots depicting profile and distribution
of the saponifiable fatty acids from A. carterae in the
experimental sets corresponding to semicontinuous
cultures (sets 3–7). (A) Percentages of saturated
(SFAs), monounsaturated (MUFAs) and poly-
unsaturated (PUFAs) fatty acids with respect to the
total saponifiable fatty acid content in the biomass
(FA). Percentage of individual fatty acids with re-
spect to biomass dry weight: (B) SFAs; (C) MUFAs;
(D) PUFAs.
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shear-sensitive dinoflagellate such as Amphidinium carterae. Although
the cultivation of dinoflagellates for potentially commercial applica-
tions is becoming increasingly popular, algal biomass thereof is mainly
processed to the currently known metabolites. By contrast, supernatants
are virtually unexploited, despite it is well-known that dinoflagellates
release dissolved organic matter (DOM) during their growth. DOM from
dinoflagellates cultures may be a source of attractive bioactive sub-
stances and/or also provide nutrients or growth promoters for the cells
themselves. Therefore, future research should be aimed at the appli-
cation of spent media recycle strategies for identifying high value
products from chemical characterization of DOM and for later recovery.
The supernatant recycle would also have significant economic and en-
vironmental benefits. Since the uptake of DOM by dinoflagellates via
osmotrophy, mixotrophy or heterotrophy is another issue that deserves
to be explored, the application of synergistic systems of dark fermen-
tation and algal culture, as recently proposed for non-dinoflagellate
microalgae (Ren et al., 2018), may result particularly interesting.
4. Conclusions
The long-term culture of a dinoflagellate in a raceway PBR has been
demonstrated for the first time. Semicontinuous mode was a better and
robust operational mode for using with Amphidinium carterae. A culture
medium with the composition f/2×3 (N:P= 5), combined with a si-
nusoidal irradiance pattern (L/D cycle of 24:0) and an Iomax of
900 µEm−2 s−1, provided the best results. Carotenoids and poly-
unsaturated fatty acids were produced in sufficient amounts to be
considered as valuable subproducts. The culture methodology de-
scribed is an attractive approach for the continuous, reliable and sus-
tainable supply of dinoflagellate biomass in uniform quality and yield.
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a b s t r a c t
We present the data corresponding to the isolation and morpho-
logical and molecular characterization of a strain of Amphidinium
carterae, isolated in Mallorca Island waters and now deposited in
the microalgae culture collection of the Plant Biology and Ecology
Department of the University of the Basque Country under the
reference Dn241Ehu. The morphological characterization was
made using two different techniques of microscopy and the
molecular characterization by using the 28S rDNA sequences of D1
and D2 domains. This strain has been used for a culture study in an
indoor LED-lighted pilot-scale raceway to determine its production
of carotenoids and fatty acids, “Long-term culture of the marine
dinoflagellate microalga Amphidinium carterae in an indoor LED-
lighted raceway photobioreactor: Production of carotenoids and
fatty acids.” (Molina-Miras et al., 2018) [1].
& 2018 The Authors. Published by Elsevier Inc. This is an open
access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Specifications Table
Subject area Biotechnology of Microalgae
More specific subject area Phycology
Type of data Morphological feature images and molecular analysis
How data was acquired Morphological features: Light and confocal microscopy
Molecular analysis: Sanger dideoxy sequencing-ABI PRISM 3130xl
Genetic Analyzer. Phylogenetic tree development explained in the text
of this article
Data format Morphological features: images
Molecular analysis: Raw sequence reads and phylogenetic tree
Experimental factors Culture conditions (explained in the text of this article)
Experimental features Morphological characterization was made using two different techni-
ques of microscopy and the molecular characterization by using the
28S rDNA sequences of D1 and D2 domains.
Data source location The strain Dn241EHU was isolated from Punta des Gas, Mallorca, Spain
(39°33'50"N - 2°39'20"E)
Data accessibility Data incorporated within this article and the sequence of Amphidinium
carterae Dn241EHU has been deposited in GenBank under the acces-
sion number MG520273
Related research article Long-term culture of the marine dinoflagellate microalga Amphidinium
carterae in an indoor LED-lighted raceway photobioreactor: Production
of carotenoids and fatty acids. Bioresource Technology, 265: 257–267.
Value of the data
 The data provide an example of isolation and conditions of cultivation of Amphidium species.
 Important morphological features for the identification of Amphidinium carterae are described.
 28S rDNA D1-D2 domains are sequenced and the data provide the position of this strain in an
Amphidinium genus phylogenetic tree.
1. Data
The morphology of the Amphidinum carterae Dn241EHU strain shows the typical shape of
Amphidinium genus with a small epicone and big hypocone (Fig. 1). The epicone is asymmetric and
crescent shaped, deflected to the left. The cell is dorso-ventrally flattened, and in ventral view, it is
oval. The anterior flagellum appears in the cingulum, encircling it, while the posterior flagellum
extends beyond the cell posteriorly. The nucleus is confined to the lower part of the hypocone.
Respect to the chloroplast, it is considered a multi-lobed chloroplast. The measured dimensions
ranged from 10.04 to 12.86 mm in length and 8.36–10.98 mm in width, that are in line with those
reported for this species [2,3].
The phylogenetic tree reflects a strong support of the morphological identification of the Strain
Dn241EHU, which clusters in a group with other A. carterae strains supported by a maximum like-
lihood bootstrap value of 100 (Fig. 2).
S. Seoane et al. / Data in Brief 20 (2018) 1–52
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Fig. 2. Maximum likelihood tree based on the 28S rDNA sequences of the Amphidinium carterae Dn241EHU (in bold) plus other
relatives from GenBank. Numbers on the nodes represent ML support values (1000 replicates). Alexandrium catenella was used
as outgroup.
Fig. 1. Micrographs of Amphidinium carterae Dn241EHU from Punta des gas (Palma de Mallorca, Spain). A) Light microscopy,
showing the anterior flagellum (arrow) and the posterior flagellum (arrow head); B) Confocal microscopy, showing the nucleus
(arrow) and multi-lobed chloroplast (arrow head). Scale bar: 5 mm.
S. Seoane et al. / Data in Brief 20 (2018) 1–5 3
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2. Experimental design, materials, and methods
2.1. Isolation
The strain, used in a study for production of carotenoids and fatty acids [1], was isolated from
Punta des Gas (Mallorca, Spain) (39°33050″ N - 2°39020″ E) in October 2013, by mouth pipetting. This
technique allows isolating a unique cell to obtain clonal cultures and it is very effective with cells with
no very quick movement. Cells were grown at 18 7 2 °C under 12:12 h light–dark cycle. Illumination
was provided by cold white fluorescent lamps (MASTER TL5 HO 54W/840 SLV/40, Phillips, Holland) at
the irradiance of 70 mEm2 s1. The strain was cultured in f/2 medium [4], with water filtrated by
0.22 mm pore size filter (GSWP, Merck, Germany) and pasteurized. The strain was maintained in
glass tubes.
2.2. Morphological characterization
The morphological identification was carried out with two different miscroscopic techniques.
Thus, cells were studied alive and photographed with a Leica DMRB (Leica, Wetzlar, Germany) light
microscope, fitted with a monochromatic Sony CDD camera (Sony, Tokyo, Japan) and a NIS-Elements
D ver.2.30 microscope imaging software (Nikon, Tokyo, Japan) (Fig. 1). Cells of Amphidinium carterae
Dn241EHU were also inspected with an Andor DragonFly 200 confocal microscope (Leica, Wetzlar,
Germany) (Fig. 1). Twenty cells were measured in vivo to obtain the range of the cell dimensions.
2.3. Molecular characterization
For molecular analyses, 20 cells were isolated by micropippeting and transferred to the PCR tube
together BioMix (Bioline, London, UK) and the primers pairs D2C-D1R [5]. The loci encoding the LSU
rRNA regions D1-D2 were amplified through polymerase chain reaction (PCR) with the primers pairs
D2C-D1R (Scholin et al., 1994). The PCR amplification was carried out in a BIOER TC-24/H
(b) thermocycler (BIOER Technology Co., Hangzhou, China) and cycling conditions were as follows:
one cycle at 95 °C for 2min, 50 °C for 30 s and 72 °C for 45 s; 35 cycles at 94 °C for 30 s, 50 °C for 90 s
and 72 °C for 30 s; and a final elongation step of 72 °C for 10min. PCR products were purified using
the kit MultiScreen HTS PCR 96-well filtration system (Merck-Millipore Corp.) and quantified with
the spectrophotometer Nanodrop. For sequencing reaction (forward and reverse directions), the
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) was employed, and
the reading was undertaken with the automatic sequencer ABI PRISM 3130xl Genetic Analyzer. The
sequences were edited using BioEdit v7.0.9 software [6].
The obtained sequence was BLASTed against the NCBI database. Phylogenetic analyses were
inferred using Maximum likelihood (ML) method with MEGA6 software [7]. A total of seven
sequences of A. carterae and seven sequences of other species of the genus Amphidinium were
included in the phylogenetic analysis with Alexandrium catenella as outgroup (Fig. 2). The alignment
was made with MUSCLE 3.7 [8] and the Kimura 2-parameter model was used. The 28S rDNA sequence
was stored under GenBank accession number MG520273.
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a  b  s  t  r  a  c  t
A study has been conducted to assess cell damage during centrifugation and to optimize
this  operation for the insect cell line Se301. Experiments were carried out in a discontin-
uous  centrifuge using Falcon tubes of different sizes as containers. The cells were  easily
recovered  from the cell suspension and the time required for complete sedimentation was
found  to be independent of tube size or design. Cell damage was observed once the cells
were  sedimented, therefore this process depends on both the residence time of the cells in
the pellet and on the acceleration applied. The sensitivity of the cells to this operation was
higher  than for other naked microalgae or for very sensitive red blood cells. Indeed, exces-
sive  treatment produced cell damage that reduced the productivity of subsequent cultures.
CFD  simulations were carried out in 2D and a good agreement was found between the CFD
and  experimental values in terms of the time required for full sedimentation. In addition,
this  technique allowed the calculation of shear stress, a key variable in the study of cellell  damage
xcess of treatment
sensitivity  to flow.
© 2017 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved..  Introduction
nsect cells have been extensively used to express biologically active
ecombinant proteins (Kost et al., 2005) and are currently being inves-
igated  for the production of biopesticides (Beas-Catena et al., 2014).
uch  cells present several advantages compared to mammalian cells
nd  are easier to handle as they often do not require the presence of
O2. Insect cell expression systems produce proteins similar to those
roduced in mammalian cells. Moreover, insect cells can be adapted to
uspension culture, although some cell lines are very shear sensitive,
hus  meaning that protective additives are needed (Beas-Catena et al.,
011).
In  addition to insect cells, many other cell lines are particularly
ensitive to agitation in suspension cultures (Lara et al., 2006). Indeed,
lthough  animal cells have traditionally been shown to be especially
hear-sensitive, various insect cell lines (Tramper et al., 1986; Chalmers,
996;  Beas-Catena et al., 2011) or microalgae (Gallardo-Rodríguez et al.,
016)  are difficult to grow in traditional culture systems. However, notll  respond in the same way when subjected to high levels of shear or
∗ Corresponding author.
E-mail  address: asmiron@ual.es (A. Sánchez-Mirón).
ttps://doi.org/10.1016/j.fbp.2017.11.005
960-3085/© 2017 Institution of Chemical Engineers. Published by Elsevenergy dissipation in a short period of time (Gallardo-Rodríguez et al.,
2016).  In addition to the culture stage, there are many steps in lab-
oratory procedures and productive bioprocesses in which cells may
experience energy dissipation rates, shear stresses or pressures high
enough  to cause cell damage (Mollet et al., 2004; Xu et al., 2015; García-
Briones  and Chalmers, 1994). For example, pipetting (Mollet et al., 2004)
or  centrifugation to recover cells (Xu et al., 2015; Westoby et al., 2011)
can  often damage them. Indeed, the more sensitive the cell line the
more  evident and marked the effects will be (Urbina et al., 2016).
Centrifugation is a common cell-harvesting technique in large-
(Axelsson, 2002; Hutchinson et al., 2006) and small-scale bioprocesses
(Hutchinson et al., 2006; Peterson et al., 2012). However, the predic-
tion  of the performance of the centrifugation process at large-scale
is very difficult due to the fragile nature of the biological materials
(Boychyn et al., 2001). On a laboratory scale, it is an essential oper-
ation  for the maintenance, preservation, routine subcultivation and
setting  up of varied protocols (Peterson et al., 2012). Depending on the
shear  resistance of the cells, the same centrifugation treatment can beharmless  or provoke cell damage or cell disruption (Hutchinson et al.,
2006;  Xu et al., 2015). Excessively intense centrifugation can also affect
ier B.V. All rights reserved.
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2002).  A linear relationship between cell disruption by centrifugation
and energy dissipation in a pilot-scale disc-stack centrifuge has also
been  found (Westoby et al., 2011). There is currently a wide variety
of  centrifugation protocols (i.e. intensity and duration of treatment,
equipment, etc.) in the literature, with very few criteria for choosing
between them (Peterson et al., 2012). For example, Agathos (2007) rec-
ommends  100–200 × g for 5 min for subculturing animal cells, whereas
Lynn  (2016) suggests 1000 × g for 10 min for maintenance and storage.
We  also observed variability in the cell yields obtained with the insect
cell  line Se301 when subculture was performed after centrifugation
applying standard literature methods. Thus, it seems imperative to
optimize  the centrifugation process specifically for the cells of interest
(data  not published).
Centrifugal  stress is present in different bioprocess steps and,
depending on its intensity, distribution into cell suspension and the
exposure  time of the cells, it may damage cells (Xu et al., 2015) or cause
cell  surface damage that is undetectable using standard viability tests
(Peterson  et al., 2012). The source of this variability may also depend on
other  factors, such as the height of suspensions or the geometry of cen-
trifugation  containers, which are usually not reported but which could
nevertheless  modify the shear stress field experienced by the cells for
a  given g force. Computational Fluid Dynamics (CFD) may be useful for
unifying  centrifugation protocols since it has been shown to be use-
ful  for the characterization of centrifuges (Boychyn et al., 2004; Urbina
et  al., 2016). CFD allows shear rate fields or energy dissipation rates to be
determined  in flowing systems with living cells (Jain et al., 2005; Mollet
et  al., 2004; Gallardo-Rodríguez et al., 2016), which is essential for inter-
preting  centrifugation-associated cell damage. CFD can also be used
to  reduce the experimental effort in selecting, designing or optimizing
harvesting systems.
In  this study, CFD-aided optimization of a discontinuous benchtop
centrifugation process for the Spodoptera exigua Se301 insect cell line
was  addressed in terms of a novel variable named excess of treatment
(ET),  related to the height of suspension in tubes, g force and centrifuga-
tion  time. Evaluation of the impact of centrifugation on subcultivation
of  cells was carried out using cells previously subjected to different ET
values.
2.  Materials  and  methods
2.1.  Cell  line,  culture  medium,  additives,  and
maintenance
The insect cell line Se301, originally isolated from Spodoptera
exigua  (Hara et al., 1995), was  used throughout this work
and  was  kindly donated by the Department of Virology
at  Wageningen University (the Netherlands). Cells were
grown  in suspension culture in Ex-Cell 420 serum-free
media (Sigma–Aldrich, Ref. 14420C) supplemented with
100  U L−1 penicillin-streptomycin (Sigma–Aldrich, Ref. P4333)
and  0.125 g mL−1 amphotericin B (Sigma–Aldrich, Ref. A2942).
The  protective additives against shear stress Polyvinyl Alco-
hol  (PVA, Sigma–Aldrich, Ref. P8136) and Polyvinylpyrrolidone
(PVP, Sigma–Aldrich, Ref. P2307), both at a concentration
of 0.2% (w/v), and the disaggregant Dextran sulfate (DS,
Sigma–Aldrich, Ref. 31404), at a concentration of 25 g mL−1,
were  used (Beas-Catena et al., 2013). The density and vis-
cosity  of the culture medium with additives was  1010 g mL−1
and 1.26 Pa s, respectively. Inoculum was  grown in Erlen-
meyer  flasks of 250 mL (50 mL of culture) agitated at 75 rpm
in  an orbital shaker with an orbital diameter of 1.9 cm.  Flasks
were  placed in an incubator at 27 ◦C and humidification was
achieved  using a water tray on the bottom of the incuba-
tor.  Cells were  passaged every 4 days at a cell density of
5–6  × 105 cell mL−1. Cells in the exponential phase were used
in  all assays.
116The  cell diameter was  determined using the AnalySIS
®
software from images taken under the light microscope with a
Pixelink camera (model no. PL-A662). The mean cell diameter
was  18 m.
Cell concentration and viability in all experiments were
measured using a hemocytometer under a light microscope
and  the Trypan Blue dye-exclusion method.
2.2.  Centrifugation  assays
Suspensions at a cell concentration of 1.5 × 106 cells mL−1 and
a  viability above 97%, obtained from the inoculum as described
in  Section 2.1, were  deposited in Falcon tubes and clarified
in  a benchtop centrifuge (model SIGMA 4-15C) using a rotor
with  a maximum radius of 18.2 cm.  After every centrifugation,
the  supernatant was  withdrawn and the cell pellet carefully
resuspended in 5 mL  of fresh medium. Cell concentration and
viability  were measured for the resulting suspension and the






where Np and Ni are the number of total cells in the pellet and
in  suspension prior to treatment, respectively.
Two types of Falcon tubes (F15 and F50, with a maxi-
mum  capacity of 15 and 50 mL  respectively) were  used. The
characteristic dimensions of the tubes based on length (l),
inner  diameter (), cone height (hc) and cone base (bc) were
as  follows: (i) F15 (l = 118.5,  = 14.6, hc = 24.0, bc = 2.0 mm);
F50  (l = 114.4,  = 27.0, hc = 14.0, bc = 4.6 mm).  Experiments were
designed  by selectively combining the following factors: type
of  tube (F15 and F50), height of suspension in the tubes (h, 22
and  90 mm),  g force (gc, 15 levels ranging from 0 to 4000 × g)
and  centrifugation time (tc, 7 levels ranging from 0 to 45 min).
A  total of 68 trials were completed in duplicate. Experimen-
tal  sedimentation times were  determined from c versus time
at  c near 100% curves. Theoretical sedimentation times were







(s − l) (2)
where gc is the acceleration applied, rc the radius of the cell,
  the viscosity of the culture media, s and l the densities of
the  cell (1.025 g mL−1) and the culture media, respectively.
2.3.  Sub-cultivation  of  previously  centrifuged  cells
To evaluate whether a given centrifugation treatment might
have  caused cell damage that was  not detectable using via-
bility  measures, or if the damage observed by reduction of
cell  viability was  reversible, previously centrifuged cells were
sub-cultured.  Briefly, cell pellets were resuspended in 4.5 mL
of  fresh medium and cultured for 7 days under the same envi-
ronmental  conditions as those for the inocula described above.
Initial  cell concentrations were fixed near 5 × 105 cells mL−1. A
control  culture was  carried out with non-centrifuged cells. All
experiments were conducted in duplicate. Cell concentration
and  cellular viability were  monitored at the beginning and end
of the culture period (7 days).
Sub-cultured cells were obtained from different centrifu-
gation treatments performed in F15 tubes, at an h of 22 mm,
gc varying from 0 to 4000 g, and tc ranging from 0 to 16 min.










































Fig. 1 – Influence of the acceleration (gc) and centrifugation
time (tc) on the clarification efficiency (c). Type of tube: F15;
height of suspension (h): 22 mm.  Data points are averages,
and vertical bars are difference between duplicate samples.
When  the bar is absent, the bar is smaller than the point.election of treatments (n = 17) provided a wide range of values
or  a novel, intensive variable, denominated excess of treat-
ent  (ET), defined as:
T = gC · tpellet (3)
ET is similar to the g-second variable traditionally used in
entrifugation (Urbina et al., 2016) but with the peculiarity that
ime  of centrifugation (tc) is replaced by the residence time of
ells  in the pellet (tpellet), calculated as the difference between
he  treatment time (tc) and the sedimentation time calculated
rom  CFD simulations.
The  cell concentration (C) and cellular viability were mon-






here Co is the initial viable cell concentration, Cf is the final
iable  cell concentration attained for a given ET and CfC the
nal  viable cell concentration observed in the control culture.
.4.  CFD  simulations
ell-sedimentation times and shear stress fields for each cen-
rifugation  treatment assayed were  simulated using the CFD
oftware  Fluent
®
v16.2 (Ansys, Canonsburg, PA, USA). As the
ube  is symmetrical it was  simulated in 2D using a structured
rid  with an optimum size of 0.2 mm.  A laminar model and a
ultiphase  model with two Eulerian phases, in which the cells
epresent  the granular phase, were  also used. The properties of
he  phases can be found in Section 2.1. The initial cell volume
raction  in the suspension was  0.00458, as calculated from the
ell  diameter and the cell concentration in suspension. No
nergy  balance was  imposed, as isothermal conditions were
ssumed.  Centrifuge acceleration was  varied in the tube axis
irection,  as the tube rotates in a horizontal plane once the
entrifuge  reaches the selected speed. The reference for pres-
ure  was  at the top of the suspension. Boundary conditions
ncluded non-slip conditions at the walls. The schemes used
or  spatial discretization were:  for momentum, second order
pwind;  for gradient, Green-Gauss Node Based and Modified
RIC  for Volume Fraction. The SIMPLE scheme with implicit
ormulation was  chosen for pressure-velocity coupling. All
imulations  in the present study were  performed in transient
ode  using a time step of 0.0005 s. The convergence criteria
ere  checked at every time-step and residuals for all the vari-bles  were  fixed at 10−5. An HP Workstation Z840 with two
ntel
®
Xeon E5-2670 v3 processors running at 2.3 GHz with
Table 1 – Theoretical sedimentation time estimated from the St
CFD simulations and experimental sedimentation time for vari
(F50)), height of suspension in the tubes (h), g-force (gc) and cen
N◦ exp. Tube, mL gc, ×g h, mm vStoke, m
1 F15 1 22 2.10 × 1
2 F15 20 22 4.20 × 1
3 F15 40 22 8.41 × 1
4 F15 60 22 1.26 × 1
5 F15 40 90 8.41 × 1
6 F50 40 90 8.41 × 1128.0  GB RAM and 3 TB × 2 hard disks was used for the simu-
lations.
3.  Results  and  discussion
3.1.  Determination  of  cell  sedimentability
Fig. 1 shows the effect of gc and tc on the efficiency of clarifi-
cation  (c). As can be seen, cells were effectively separated by
centrifugation. Moreover, the shortest tc (i.e. 1 min) required a
minimum gc value of 200 × g to settle all the cells at the bottom
of  the tube. In contrast, the lowest gc value of 10 × g needed
16  min  of centrifugation for complete cell separation. A rela-
tively  short and soft treatment could be established at the gc
and tc values of 40–50 × g and 8 min, respectively, although a
higher  h value would evidently entail an increase in tc. Val-
ues  of gc reported for standard protocols ranged from 800 to
2000  × g (Murhammer, 2016; King et al., 2016; Lynn, 2016) and
are  much  higher than those needed for complete separation
in  this study. As such, centrifugation may  have been exces-
sive  in many  literature reports. Indeed, cells may  be damaged
or  lysed as result of this excess treatment (Xu et al., 2015). CFD
can  help prevent this scenario by predicting separation times
for  a given cell line, culture medium and acceleration, without
needing  to perform experiments.
Table  1 compares the effective sedimentation times
obtained by CFD simulation with the experimental ones pre-
sented  herein for different combinations of tube type, h, gc and
oke’s settling velocity (vstoke), sedimentation time from
ous combinations of tube size (15 mL  (F15) and 50 mL
trifugation time (tc).
 s−1 Sedimentation time, min
Theoretical Simulated Experimental
0−6 187 201.8 216
0−5 9.3 12 16
0−5 4.7 5.1 8
0−4 3.1 3.3 4.0
0−5 19.1 18.8 19.0
0−5 19.1 19.0 19.0
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Fig. 2 – Separation efficiency (c) as a function of
centrifugation time (tc) for two types of tubes (F15 and F50
represent Falcon tubes with capacities of 15 and 50 mL,
respectively). The inset figures represent the state of the
suspensions  in both tubes as predicted by CFD: the blue
area  corresponds to the region of clarified liquid (i.e.
cell-free zone) and the red zone to the region of cell
suspension. The initial height of the suspension in the
tubes  (h) was  90 mm and gc was  40 × g. Data points are
averages, and vertical bars are difference between duplicate
samples.  When the bar is absent, the bar is smaller than
the  point.
tc. The results for assays 1–4 in Table 1 are also represented in
Fig.  1.
As  can be seen from Table 1, the theoretical sedimentation
times obtained from the Stoke’s equation are slightly shorter
than  the simulated and experimental values. This result was
expected,  since Stoke’s equation does not take into account
possible  cell–cell or cell–tube interactions, which may  hinder
the  settling of cells. However, this equation can nevertheless
be  used to obtain an approximate value for the minimum
duration of the treatment. Simulated CFD sedimentation
times were  also lower than their experimental counterparts
but  closer to the theoretical ones. Any discrepancies were  due
to  a lack of accuracy in the graphical determination of sedi-
mentation times. For example, from the data represented in
Fig.  1, it is predicted for assay n 2 in Table 1 (i.e., a gc of 20 × g
and  h of 22 mm)  a 100% c between 8 and 16 min, in other
words  around 12 min. Therefore, the CFD results were simi-
lar  to the experimental ones, thus demonstrating CFD to be a
useful tool for predicting precise sedimentation times for cell
suspensions  as a function of gc.
A wide variety of centrifuge tubes of different sizes and
shapes  (e.g. flat-, round- or conical-bottomed) designed for
use  in any biotechnology application are available. As such,
the  impact of container size and geometry on recovery of the
biomass  was  evaluated by performing two experiments in the
F15  and F50 tubes with the same h (90 mm)  and gc (40 × g;
assays  5 and 6 in Table 1, respectively). The evolution of the
clarification  efficiency with time for both tubes was  virtually
identical,  thus indicating no effect of geometry or volume on
cell  recovery. The measured data agreed significantly well with
the  CFD model predictions.
The  inset graphs in Fig. 2 show the progression of the
suspension interface (i.e., boundary between the cell-free
upper  zone and cell suspension zone). As expected, once the
sedimentation time is achieved (around 19 min) the pellet
geometry coincides with the conical shape of the tubes.
118In  order to verify that the sedimentation time is indepen-
dent  of the conical-bottomed geometry of the tube, additional
CFD  simulations were  performed changing the aspect ratio
of  the Falcon tube. Fig. 3 shows the progression of the sus-
pension  interface height for four different aspect ratios. As
can  be seen, the interface moves  forward at the same velocity
in  all four configurations. These results make CFD simula-
tions  a solid and useful tool for predicting the behavior of
any  single-cell suspensions under discontinuous centrifuga-
tion  and for accurately predicting settling times without the
need  for experimentation.
3.2.  Effect  of  applied  acceleration  on  cell  viability
The origin of the cell damage observed in the centrifugation
process could be related to the relative cell-fluid movement,
the  velocity gradients that cells encounter on their way to
the  bottom of the recipient or the compressive forces to
which  they are submitted once in the pellet. In this regard,
Xu  et al. (2015) carried out a detailed study of the poten-
tial  source of cellular damage during centrifugation using the
microalga  Dunaliella salina. These authors determined the val-
ues of hydrodynamic stress due to turbulence, viscous drag
(Fd), the increase in cell “weight” due to the centrifugal force,
hydrostatic pressure due to the liquid head (Ph) and pressure
due  to the “weight” of cells in the pellet of recovered cell mate-
rial.  They concluded that, for a fixed centrifugation time, all
forces  were  negligible compared to the hydrostatic pressure,
which  was  mainly responsible for the damage to D. salina cells.
CFD  simulations are very useful for calculating flow-related
magnitudes such as shear stress () or energy dissipation rates.
In  this work it was  possible to precisely determine the shear
stress  levels from the CFD-simulated shear stress field. Fig. 4
displays  the contour graph of shear-stress in the conical zone
of  the tube at a value of 4000 × g.
As  expected, the highest values of  (7.4 × 10−1 Pa) were
found at the wall of the lower part of the cone. An aver-
age  breaking shear stress value of 233 ± 25 Pa was  determined
for  the same insect cell line used herein (Se301) employ-
ing  a microfluidic flow-contraction device (Gallardo-Rodríguez
et al., 2016). Consequently, it can be definitively inferred that
any  cell damage observed is not due to velocity gradients that
the  cells encounter on their way  to the pellet.
Moreover, as no cell damage was  observed in cells that did
not  settle, Ph does not cause cell damage in the cells’ journey
to  the bottom of the container either. This is also expected
because the intracellular fluid (which is mainly water) can
be  considered to be incompressible and Ph provokes a radial
compressive force.
Peterson  et al. (2012) also observed that, once a cell has
been  deposited, it is squeezed against the tube walls by the
action  of total compressive force. The authors defined what
they  termed the “compaction parameter”, which depends on
the mass and volume of the pellet but not on the acceleration
or  the time the cells remain in the pellet. Using this parameter
they  were able determine the volume of the pellet damaged in
the centrifugation.
The duration of the centrifugation can be selected arbitrar-
ily  as the same separation can be obtained from treatments of
different  duration (see Fig. 1). If the time of this operation is not
accurately  adjusted, the cells stay in the pellet for longer than
required  to settle the whole cell population. As a consequence,
the  pressure on the pelleted cells can act for long periods of
time.  As the time in the pellet has been previously seen to
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Fig. 3 – CFD simulation of the progression of the suspension interface height for different aspect ratios of Falcon tubes: (A)
15 mL  commercial Falcon tube (F15); (B) 50 mL  commercial Falcon tube (F50); (C) fictitious 50 mL  Falcon tube with an enlarged
cone of 30 mm,  and (D) fictitious 50 mL  Falcon tube with an enlarged cone of 45 mm.  h = 90 mm;  gc = 40 × g. Dashed







ig. 4 – Contours of shear stress in the cone of the centrifug
ossibly influence cell damage (Maybury et al., 2000), the time
ells  can remain in the pellet without suffering damage should
e  determined. In addition to physical damage, high residence
imes  in the pellet could be deleterious to the cells as a result
f  deprivation of oxygen or other nutrients (Häggström, 2003)e from CFD simulations at gc = 4000 × g and h = 90 mm.
even  though this happens at lower Ph values than those that
provoke  cellular rupture. As such, the time that the entire cell
population  remained in the pellet (tpellet) was  defined (Section
2.3).  If there is no available CFD simulations or experimen-
tal  sedimentation times, a reasonable approach may  be to
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Fig. 5 – Influence of the time that the cell population
remains in the pellet (tpellet ) on the relative cell viability for
assays performed in the F15 Tube with a suspension height
(h)  of 22 mm.  The vertical line indicates the value of time in
pellet at which the cells start to be damaged. Data points
are  averages, and vertical bars are difference between
duplicate samples. When bar is absent, the difference is
smaller  than the point.
Fig. 6 – Influence of the excess of treatment (ET) on relative
cell  viability for assays performed in the F15 tube with a
suspension  height (h) of 22 mm.  The vertical line indicate
the value of ET at which the cells start to be damaged. Data
points  are averages, and vertical bars are difference
between duplicate samples. When bar is absent, the
difference is smaller than the point.calculate  them from the Stoke’s equation (Eq. (2)) by dividing
the  suspension height by the settling velocity. The time in the
pellet,  thus, is a magnitude that can easily be calculated from
sedimentation times. The cell viability relative to the control
for  all the assays carried out in F15 tubes at an h of 22 mm
(n  = 68) is plotted against tpellet in Fig. 5.
The  negative values of time in pellet in Fig. 5 correspond to
experiments  in which not all the cells were sedimented. The
vertical  line indicates the value of tpellet at which cell damage
starts to be observed at some accelerations. At tpellet bellow that
value  no cell damage is observed irrespective of the acceler-
ation  applied. Hutchinson et al. (2006) also observed no cell
breakage  at laboratory level on their centrifugation experi-
ments.
As  flow-related damage is fast acting (Hutchinson et al.,
2006;  Gallardo-Rodríguez et al., 2016), the reduction in cell via-
bility observed must be associated with processes that appear
once  the whole cell population has settled. Probably being the
cells  that sediment first the ones that first suffer cell dam-
age.  Although the sedimentation time at gc values higher than
400  × g was  below the minimum tc assayed (1 min), damage
appears at positive values of time in pellet. In light of this,
it  can be inferred that cells are not damaged in their journey
to  the bottom of the container. It can also be observed that,
irrespective of the acceleration used, the cells can stay in the
pellet  for about 45 s without being damaged. A special behav-
ior  is observed at 40 × g. This condition was  chosen to carry
out  experiments with a duration of up to 45 min  because it
is  a soft treatment and the sedimentation time is relatively
short.  Under these conditions the cells can stay in the pellet
for  about 15 min  (900 s) without any measurable damage. The
decrease  in cell viability at longer times could be related to
oxygen  depletion in the pellet rather than to mechanical cell
damage.  Oxygen depletion triggers a cascade of cell responses
that  start in the cell membrane, changing its mechanical resis-
tance  and, if prolonged, result in cell death (Barvitenko et al.,
2015).  Any other higher acceleration causes damage to the
cells  in the pellet if they remain therein for longer than 45 s.
The  most acute damage is seen for more  intense treatments,
120with a maximum at 4000 × g. This would indicate that such
damage  is mechanical rather than biological in nature.
As  different evolutions can be seen from Fig. 5, it was
decided to determine the influence of the time in pellet, the
acceleration  applied to the centrifugation process and the
replica  on cell viability by means of an ANOVA analysis of
the  experiments shown in that figure. The results indicated
that  the replica (p-value >0.05) had no statistically signifi-
cant  influence on the variance of cell viability. However, both
tpellet (p-value <0.05) and acceleration (p-value <0.05) had an
effect,  with the latter showing the highest influence (F-value
of  28). Taking these results into account and in order to be
able  to compare different time-acceleration combinations, we
defined an intensive variable denominated Excess of treat-
ment  (ET), as described by Eq. (3) in Section 2.3.
Fig. 6 plots the results of the relative cell viability in Fig. 5
with  respect to the corresponding calculated ET values. For
clarity,  since no cellular damage was  observed at negative val-
ues  of tpellet (see Fig. 5), only positive values are plotted in Fig. 6.
As  can be seen for all combinations, even for 40 × g, there is
a  zone (up to 2.5 × 104 m s−1) in which viability is not affected
and there is no cell damage. From this value onwards there is a
steep and sustained decrease of this variable for all conditions,
to  a minimum value of 0.6 at close to ET = 400 × 104 m s−1, cor-
responding to 4000 × g and 16 min. This behavior, although at
different  ET values, is extendable to any cell line, therefore
experiments of this type should be performed with the cell
line  of interest if viable cells are to be recovered by centrifuga-
tion.  According to the results in Fig. 6, at a suspension height of
22  mm,  this cell line should not be centrifuged at accelerations
higher than 600 × g, since the cells sediment in less than 20 s.
Therefore,  in a treatment as short as 1 min  the cells remain
in  the pellet for more  than 40 s (ET above the threshold value
of  2.5 × 104 m s−1) and suffer damage. The results shown are
independent of the suspension height, as is ET.
Centrifugation is a sufficiently intense treatment to cause
damage  to cells as robust as plant cells, microalgae and bac-
teria  (Xu et al., 2015; Urbina et al., 2016; Peterson et al., 2012).
The  results in Fig. 6 demonstrate that the Se301 cell line is very
sensitive  to centrifugation, therefore special attention should
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Fig. 7 – Influence of the excess of treatment (ET) on culture
productivity relative to a control culture with no prior
centrifugation. Centrifugation performed in the F15 Tube
with  a suspension height (h) of 22 mm.  Culture assays
performed in shake flasks with a culture volume of 5 mL.
The vertical line indicates the ET value at which the cells
cannot  recover from the damage suffered (lethal cell
damage). Data points are averages, and vertical bars are
difference  between duplicate samples. When bar is absent,


































Beas-Catena, A., Sánchez-Mirón, A., García-Camacho, F.,e paid to this operation if a healthy cell population is to be
ecovered.  This cell line has also been shown to be especially
ensitive to suspension culture, much  more  so than other
nsect  cell lines (Beas-Catena et al., 2013). For example, the
xperiments of Xu et al. (2015) with the microalgae D. salina,
hich  does not have a cell wall, indicate that it may  with-
tand  an ET about two orders of magnitude (>2.5 × 106 m s−1,
.e.,  5000 × g for 10 min) higher than our cell line. In addition,
ven  cells as sensitive as red blood cells have been shown to be
ore resistant than Se301 cells since a decrease in cellular via-
ility  of only 4% was  observed in treatments of 10 min  at up to
500 × g (Urbina et al., 2016). However, the authors observed an
ncrease in sub-lethal damage with centrifugation intensity.
.3.  Effect  of  centrifugation  on  subcultivation
he above discussion highlights the need to establish a cell
ine  dependent centrifugation protocol suitable for subculti-
ation  purposes in order to prevent damage that may  reduce
he  productivity of a given bioprocess (Lara et al., 2006; Urbina
t  al., 2016). In this sense, cells centrifuged at different ET val-
es  within the same range used in Fig. 5 (i.e., from 2000 to
 × 106 m s−1), were  subcultured as described in Section 2.3.
ig.  7, which shows that the effect of ET on the relative cell
roductivity measured in subcultures, follows an analogous
attern  to Fig. 6, with a safe zone up to about 6 × 104 m s−1
f ET in which culture productivities were  not affected. Com-
aring  Figs. 6 and 7, there apparently is a certain cell damage
roduced between 2.5 and 6 × 104 m s−1 that does not appre-
iably affect cell growth. Similarly to Fig. 6, a steep descent is
lso  observed after that threshold.
Therefore, there was  a small range damage that did not
ffect  culture productivity. However, as this interval of ET for
his cell line is very narrow, it is recommended to use cell via-
ility  measurements results to safely subculture centrifuged
ells.4.  Conclusions
The Se301 insect cell line can be easily sedimented by cen-
trifugation, with a soft treatment (4–8 min  at 40–80 × g) being
necessary to settle 100% of cells. Other treatments with higher
times  or accelerations are excessive and may  cause cell dam-
age.
Cell  damage was  observed in the centrifugation opera-
tion, with a combination of residence time in the pellet
and  acceleration applied being responsible for this damage.
Centrifugation-related cell damage was  adequately predicted
using  an intensive variable defined as Excess of Treatment
(ET), which is the product of time in pellet and acceleration.
This variable is easy to calculate as the time in pellet can
be  easily obtained from CFD calculations, from centrifugation
experiments or, less precisely, from the Stoke’s sedimenta-
tion  velocity. ET is also of general use for any cell line and
can  be obtained from simple experiments similar to those
performed in this work. ET values greater than 6 × 104 m s−1
indicate irreparable damage to the cells, thereby greatly reduc-
ing  the productivity of subsequent cultures, although values
greater  than 2.5 × 104 m s−1 start to affect cell viability. Viabil-
ity  reduction between both values does not appreciably affect
culture  productivity. For safety reasons, this fact should be
checked  with the cell line of interest and, as a general rec-
ommendation, centrifugation intensity for subculture should
be  performed bellow the ET value that reduces cell viability.
CFD  simulations of the experiments performed were  espe-
cially  useful for determining the values of cell damaging
variables such as shear stress and for determining the time
of  sedimentation. This technique can be used for virtually
any  cell suspension and centrifuge and reliably reduces the
experimental  work required to calculate settle times.
In  light of the results obtained, it is important to carry out
studies  of this type in those cases in which viable and healthy
cells  are to be recovered since the application of an inadequate
protocol can damage these cells irreversibly.
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ABSTRACT: This study assessed the feasibility of an NMR metabolomics approach coupled to multivariate data analysis to
monitor the naturally present or stresses-elicited metabolites from a long-term (>170 days) culture of the dinoflagellate marine
microalgae Amphidinium carterae grown in a fiberglass paddlewheel-driven raceway photobioreactor. Metabolic contents, in
particular, in two members of the amphidinol family, amphidinol A and its 7-sulfate derivative amphidinol B (referred as APDs),
and other compounds of interest (fatty acids, carotenoids, oxylipins, etc.) were evaluated by altering concentration levels of the
f/2 medium nutrients and daily mean irradiance. Operating with a 24 h sinusoidal light cycle allowed a 3-fold increase in APD
production, which was also detected by an increase in hemolytic activity of the methanolic extract of A. carterae biomass. The
presence of APDs was consistent with the antitumoral activity measured in the methanolic extracts of the biomass. Increased
daily irradiance was accompanied by a general decrease in pigments and an increase in SFAs (saturated fatty acids), MUFAs
(monounsaturated fatty acids), and DHA (docosahexaenoic acid), while increased nutrient availability lead to an increase in
sugar, amino acid, and PUFA ω-3 contents and pigments and a decrease in SFAs and MUFAs. NMR-based metabolomics is
shown to be a fast and suitable method to accompany the production of APD and bioactive compounds without the need of
tedious isolation methods and bioassays. The two APD compounds were chemically identified by spectroscopic NMR and
spectrometric ESI-IT MS (electrospray ionization ion trap mass spectrometry) and ESI-TOF MS (ESI time-of-flight mass
spectrometry) methods.
KEYWORDS: NMR, metabolomics, multivariate data analysis, amphidinols, microalgae, dinoflagellates, photobioreactor,
Amphidinium carterae, carotenoids, fatty acids, oxylipins
■ INTRODUCTION
Marine dinoflagellate microalgae are a source of impressive and
fascinating bioactive compounds.1 The production of com-
pounds differs according to the microalgae used.2 In particular,
Amphidinium carterae produces an interesting group of
polyketide metabolites, namely, amphidinolides and amphidi-
nols (henceforth referred to as APDs indistinctly). APDs elicit
potent anticancer, antifungal, and hemolytic activities and thus
are potentially useful in studies of rational drug design.3 Nuzzo
et al.4 have described the presence of two new polyketides of
the amphidinol family, amphidinol 18 (AM18) and its
corresponding 7-sulfate derivative (AM19), in the MeOH
extract of the dinoflagellate A. carterae. Three years later,
Cutignano et al.5 found amphidinol A and its 7-sulfate
derivative (amphidinol B) from a dinoflagellate strain of A.
carterae isolated from Fusaro Lake, a brackish lagoon near
Naples (Italy).
Carotenoids from marine dinoflagellate microalgae are also
manifold. A. carterae has been reported to produce significant
amounts of peridinin, which is a unique marker pigment in
most dinoflagellates with interesting technological applications
derived from their unique photophysical properties and with
potential use in medicine as a therapeutic agent against
different diseases.6,7 Besides, most microalgae represent a
viable alternative source for a great variety of lipids. From a
nutritional point of view, essential fatty acids (FA), including
unsaturated FAs (UFAs), are vital for the proper functioning of
the human body and have protective effects against
atherosclerotic heart disease and in the prevention of chronic
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diseases.8 A. carterae is a producer of the omega-3
polyunsaturated fatty acids (PUFAs) eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), which hold
enormous nutraceutical and pharmaceutical applications.9
Until recently, the lack of custom-made methods for
successfully culturing dinoflagellates in industrial-scale photo-
bioreactors (PBRs) represented a hurdle to the production of
large amounts of bioactive compounds because of their high
sensitivity to damage by hydrodynamics stresses.10 Recent
studies have demonstrated that this shear-sensitive marine
dinoflagellate microalgae, including A. carterae, can be
successfully cultured in pilot-scale bubble column and raceway
PBRs illuminated with multicolor light-emitting diodes
(LEDs) in the modes batch, fed-batch, and semicontinu-
ous.11−13 So far, the valorization of the harvested microalgae
biomass has been mostly performed on the basis of
quantification of specific metabolites commonly by targeted
approaches using LC−MS (liquid chromatography−mass
spectrometry) and GC−MS (gas chromatography−mass
spectrometry). Concerning the APDs, their content in
microalgae biomass has been indirectly measured by hemolytic
and antiproliferative assays, which are time-consuming and
tedious techniques.
In this study, we aim to develop a simple, untargeted, and
fast method able to characterize at once the metabolic profile
of the marine dinoflagellate A. carterae, especially on its APDs
content. For this, we have applied a metabolomics approach
based on the use of NMR spectroscopy coupled to several
multivariate data analysis techniques. For the structural
elucidation of the proposed APDs structures, high-resolution
mass spectrometry (HRMS) and tandem mass spectrometry
(MS/MS) were also applied. The biomass used in this study
was obtained from a long-term (>170 days) culture developed
in an LED-based raceway photobioreactor as recently
reported.13
In the chemical ecology of marine algae, comparative
metabolomics has recently gained importance since it helps to
overcome limitations of traditional bioassay-guided structure
elucidation approaches, which involve multiple rounds of
separation of the crude extract and testing until the
identification of the target molecule is achieved.14 The broader
use of metabolomics can thus provide in-depth knowledge on
A. carterae biomass composition and its nutritional value and
generate comprehensive data on its metabolic networks. It
offers a unique opportunity to explore in an untargeted way the
final products of cellular metabolism and therefore reveal the
metabolic transition before and after exposure response to a
variety of environmental conditions and stresses. Such
information is helpful in setting the appropriate culture
conditions to enrich and preserve the biomass with certain
desired metabolites by diverting the metabolism toward the
desired pathways or slowing down the undesired pathways. For
example, the biosynthesis of lipids, pigments, and polyketide
metabolites (e.g., biotoxins) in microalgae may be tuned by
using operational and abiotic stress factors.15 We have recently
shown the capacity of 1H NMR metabolomics to successfully
monitor metabolic shifts of Isochrysis galbana when varying
culture conditions such as temperature and irradiance.16 To
the best of our knowledge, we report herein the first
application of an NMR-based metabolomics approach to
describe both polar and nonpolar metabolic profiles of A.
carterae especially on APD molecules and how it can be
affected overtime by environmental changes and cultivation
conditions (increased daily irradiance and nutrient availabil-
ity).
■ MATERIALS AND METHODS
The Microalga. The marine microalga used in this study was
Amphidinium carterae Dn241EHU, which is deposited in the
microalgae culture collection of the Plant Biology and Ecology
Department of the University of the Basque Country. The
morphological characteristics and genetic identification of this strain
have been previously reported.17 Inoculum was grown in f/2 medium
as described elsewhere.13
Production of Microalgal Biomass. The biomass used in the
work presented herein was produced in an LED-based raceway
photobioreactor. The PBR configuration, dimensions, details about
the culture system, and experimental strategy were previously
reported.13 Briefly, the culture surface was illuminated using
multicolor LED strips (red, green, blue, and warm white, collectively
referred to as RGBW; Edison Opto Co., Taiwan). Water losses due to
evaporation were automatically compensated by adding sterile
distilled water. The pH and temperature were maintained at 8.5
and 21 ± 1 °C, respectively. The biomass was obtained from five
experimental sets carried out in semicontinuous mode operation,
which consisted of removing a culture volume and replenishing with
an equal volume of fresh medium once the culture entered a
stationary phase caused by depleting nitrate-N or phosphate-P in
supernatants.13 The f/2 medium was used as a basis for assaying
different nutrient concentrations. The composition of the f/2 medium
composition was as follows: NaNO3, 882 μM; NaH2PO4·H2O, 36.2
μM; Na2SiO3·9H2O, 106 μM; FeCl3·6H2O, 11.7 μM; Na2EDTA·
2H2O, 11.7 μM; CuSO4·5H2O, 0.04 μM; Na2MoO4·2H2O, 0.03 μM;
ZnSO4·7H2O, 0.08 μM; CoCl2·6H2O, 0.04 μM; MnCl2·4H2O, 0.9
μM; thiamine, 0.3 μM; biotin, 2.1 nM; and B12, 0.37 nM.18 The fresh
medium was supplemented with nutrients as extensively detailed
elsewhere.13 Different initial concentration levels of the f/2 medium
nutrients (i.e., f/2×1 to f/2×3) were assayed. A sinusoidal diel
variation pattern of irradiance was imposed, with a maximum
irradiance occurring at midday (Iomax) of 900 μE m
−2 s−1. Three
diel variation patterns of irradiance (light/dark (L/D) cycles: 12:12,
18:6, and 24:0 h) that supplied different daily mean irradiance (Yo)
were evaluated. The complete operational strategy is summarized in
detail in Table 1. The biomass used in this work was prepared as
previously reported.11 In short, suspensions of A. carterae (volumes of
ca. 250 mL) were gently centrifuged (700g, 8 min) in sterile 250 mL
Falcon tubes. The pellets were gently washed with 40 mL of distilled
water. Cells were again pelleted, the supernatants were carefully
removed, and the tubes were dried in a vacuum freeze dryer (Cryodos
50, Telstar) for 48 h. Lyophilized microalgal powders were stored in a
desiccator until use. For comparison purposes, the following
combinations of sets were selected on the basis of the effect of the
factors explored with them (Table 1): (i) sets 1 and 2 were used to
compare the effect of Yo corresponding to the irradiance diel variation
patterns of 12:12 and 18:6, respectively, using f/2×1 (N/P = 5) as a
Table 1. Description of the Semicontinuous Culture
Experiments from which Harvested Biomass Was Useda
set day of culture light/dark cycle (h) Yo (μE m
−1 s−2) nutrients
1 36 12/12 286 f/2×1
2 64 18/6 430 f/2×1
3 99 18/6 430 f/2×2
4 122 18/6 430 f/2×3
5 161 24/0 573 f/2×3
aFive experimental sets were defined in terms of the daily mean
irradiance Yo received by the culture at different light/dark
illumination regimes and initial concentrations of nutrients in the
culture medium based on the f/2 composition (nitrogen-to-
phosphorous molar ratio in the culture medium was fixed to 5).
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culture medium; (ii) sets 4 and 5 were used to compare the effect of
Yo corresponding to the irradiance diel variation patterns of 18:6 and
24:0, respectively, using f/2×3 (N/P = 5) as a culture medium; (iii)
sets 2, 3, and 4 were used to evaluate the effect of the proportion of f/
2 nutrients added (i.e., f/2×1, f/2×2, and f/2×3, respectively) at a
fixed value of Yo.
Hemolytic Activity Assay. APDs are contained in the cells, and
part of them is released to the supernatants. Since these compounds
show varied levels of hemolytic activity, titers of them were expressed
in terms of hemolytic activity of cell extracts on erythrocytes from
defibrinated sheep blood as described elsewhere.11,19 In short, from
dose−response Hill curves, values of EC50 for A. carterae (i.e.,
number of cells per well giving 50% hemolysis) and saponin control
were calculated. Saponin was supplied by Sigma-Aldrich (47036, CAS
no. 8047-15-2, Saint Louis, MO, USA), and the corresponding EC50
was of 8.5 × 106 ± 0.6 × 106 pg per well. An equivalent saponin
potency (ESP) expressed in terms pg saponin per A. carterae cell was
calculated by dividing the EC50 for saponin by the EC50 for A.
carterae.
In Vitro Anticancer Activity Assay. Antiproliferative assays for
crude methanolic extracts obtained from A. carterae biomass were
performed as described elsewhere.20,21 Four human tumor cell lines
obtained from the American Type Culture Collection (ATCC),
namely, A549 (ATCC CCL-185) (lung carcinoma, NSCLC), HT-29
(ATCC HTB-38) (colon adenocarcinoma), MDA-MB-231 (ATCC
HTB-26) (breast adenocarcinoma), and PSN-1 (ATCC CRL-3211)
(pancreas adenocarcinoma) were used. Cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL
penicillin, and 100 U/mL streptomycin at 37 °C, 5% CO2, and 98%
humidity. For the experiments, cells were harvested from subconfluent
cultures by trypsinization and resuspended in a fresh medium before
counting and plating. Human tumor cells were seeded in 96-well
microtiter plates at 5000 cells per well in aliquots of 150 μL and
allowed to attach to the plate surface for 18 h (overnight) in a drug-
free medium. One control (untreated) plate for each cell line was then
fixed and used for the time zero reference value. Cells on plates were
then exposed to different methanolic extract concentrations in
DMSO/DMEM (10, 30, and 100 μg/mL). Cell survival was
measured after treatment for 72 h. Results are provided as survival
percentages: 100% means that there are as many cells as the control
(extracts do not inhibit growth); 0% means that there is the same
number of cells as those at the start of the trial (no growth; extracts
inhibit mitosis); −50% means that there is a reduction in the number
of cells of 50% compared to the start of the trial (moderate cytotoxic
effect); and −100% means that all cells were lysed (strong cytotoxic
effect). Measurements were performed for duplicate samples. The
standard deviations were, in most cases, less than 10%.
Sample Preparation for NMR. A. carterae freeze-dried biomass
samples were collected from the five experimental sets. Two solvent
systems were chosen to maximize the number of extracted metabolites
and optimize the extraction of the APDs: (i) a mixture in an 80:20 (v/
v) ratio of CH3OH-d4 and phosphate D2O buffer solution at pH 6,
containing the sodium salt of 3-(trimethylsilyl)propionic-2,2,3,3-d4
acid (TSP; 0.01%ww) and the enzyme inhibitor sodium azide (NaN3;
90 μM); and (ii) a mixture of CDCl3 containing tetrakis-
(trimethylsilyl)silane (TTMS, 1.2 mM) and CH3OH-d4 in an 80:20
(v/v) ratio. Thirty milligrams of microalgal biomass samples was
extracted with 0.8 mL of each solvent by sonicating the mixtures in an
ultrasound bath (20 min, 25 °C) followed by vortexing (600 rpm, 10
min) and centrifugation (13,500 rpm, 5 min). Eight biological
replicates of biomass from each set were extracted with each solvent
system giving a total of 40 samples. Five hundred microliters of the
supernatants was transferred in oven-dried 5 mm NMR tubes.
NMR Spectra. The NMR spectrometer was a Bruker Avance III
600 spectrometer operating at a proton frequency of 600 MHz and
using a 5 mm QCI quadruple resonance pulsed field gradient
cryoprobe. All spectra were acquired without rotation at 293 ± 0.1 K
and using a NOESY presaturation pulse sequence (Bruker 1D
noesygppr1d) as described elsewhere.16 The pulse conditions for both
methanol/water (80:20 v/v) and chloroform/methanol (80:20 v/v)
extracts were as follows: NS = 32, TD = 64 K, SW = 20.0 ppm, AQ =
2.73 s, D1 = 5 s, FID resolution = 0.37 Hz, D8 = 10 ms, and RG = 57.
Acquisition and processing of NMR spectra were carried out using
TOPSPIN software (version 3.1). The spectra were shimmed through
topshim and acquired using an NMR samplecase with 24 positions.
The spectra were automatically phased, baseline-corrected, and
calibrated to the TSP and TTMS signals both located at 0.0 ppm
for methanol/water (80:20 v/v) and chloroform/methanol (80:20 v/
v) extracts, respectively. Additionally, 1H−1H correlation spectrosco-
py (COSY), 1H−1H total correlation spectroscopy (TOCSY),
1H−13C heteronuclear single quantum coherence (HSQC), and
1H−13C heteronuclear multiple bond coherence (HMBC) spectra
were recorded using standard Bruker sequences as described
elsewhere.16
Data Analysis and Statistics. To prepare NMR data for
multivariate modeling, the collected spectra were aligned and reduced
into spectral bins of 0.04 ppm widths by using AMIX 3.9.12 (Bruker
BioSpin GmbH, Rheinstetten, Germany). The area under each bin
was integrated. The intensity of individual peaks was scaled to the
total intensity recorded in the region from δH 0.2 to 10.0 ppm. The
regions of δH 5.08−4.60, 3.36−3.28, and 7.32−7.24 ppm from the
suppression signal of water and the residual signals of methanol and
chloroform, respectively, were excluded. The resulting data matrices
consisted of rows representing observations/samples and columns
representing spectral regions. Both data matrices obtained for
methanol/water (80:20 v/v) and chloroform/methanol (80:20 v/v)
extracts were combined. The final bucket table was submitted to
SIMCA-P software (v. 14.0, Umetrics, Sweden) for multivariate data
analysis and investigated by means of the unsupervised technique
principal component analysis (PCA) and the supervised technique
partial least squares (PLS). Scaling was done to Pareto for the PCA
model and unit variance (UV) for the PLS models. The PLS models
shown in Figures 8 and 9 were validated using a permutation test with
100 permutations and validated when the R2 intercept does not
exceed 0.4−0.5 and Q2 intercept does not exceed 0.05.22 The
intercepts of R2 and Q2 generated for each extract were 0.322 and
−0.331 and 0.404 and −0.259 for both models, respectively, further
proving their robustness. To visualize the relationship among samples,
hierarchical clustering was performed, and heatmaps were created
using the Statistical analysis tool in MetaboAnalyst 4.0 software,23
which were based on the Euclidean distance measure and the Ward
clustering algorithm. The displayed metabolites were selected by
analysis of variance (ANOVA) using a significance level of p < 0.05
and post-hoc analysis based on Fisher’s least significant difference
(LSD).
ESI-IT MS and ESI-TOF MS Experiments. To identify the APDs,
infusion MS experiments were carried out by using low- and high-
resolution MS. MS analysis was performed to biomass CH3OH-d4 and
phosphate D2O buffer (80:20 v/v) extracts (as previously explained)
diluted by 1:10. A Bruker Daltonics Esquire 2000 Ion Trap MS
(Bruker Daltonik, Bremen, Germany) with an electrospray ionization
(ESI) source was used for evaluation of APD fragmentation patterns,
whereas a QTOF SYNAPT G2 MS (Waters) equipped with an ESI
interface made it possible to obtain the accurate m/z signals of the
compounds under study. Bruker MS was controlled using the software
Esquire Control, and the resulting files were treated with Data
Analysis 4.0 (Bruker). Data processing of the Waters spectrometer
was conducted with the software MassLynx 4.1 (Waters).
MS conditions were optimized by continuous infusion (at a flow
rate of 120 μL h−1) of 1:10 diluted extracts of biomass samples
containing APDs. In ESI-IT MS (ion trap mass spectrometry),
analyses were made both in negative and positive polarities with a
scan range from 50 to 2000 m/z. The end plate offset voltage was set
at −500 V and the capillary voltage at +3500 V in negative polarity
and −3500 V in positive polarity. Optimum values for the ESI source
parameters were as follows: drying gas temperature, 250 °C; drying
gas flow, 5 L min−1; and nebulizer pressure, 5 psi. Oct RF was set at
300 Vpp, and target mass was fixed at 1500 m/z. To perform MS/MS
analysis, the cutoff energy and the amplitude value of the IT were set
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between 206 and 398 and between 0.45 and 1.25 V, respectively, for
achieving clear fragmentation patterns depending on the selected
precursor ions.
The ionization parameters were then transferred to the ESI-QTOF
spectrometer, which also operated in negative and positive polarities.
Source and desolvation temperatures were set at 100 and 500 °C,
respectively, and 100 L h−1 of cone gas flow and 1000 L h−1 of
desolvation gas flow were used.
■ RESULTS AND DISCUSSION
Hemolytic Activity of A. carterae Biomass. Although
several polyketide metabolites compounds isolated from
different Amphidinium strains have been reported in the
literature, not all clones produce the same compounds, are
cytotoxic, and/or show the same bioactivities.24 To investigate
the presence of APDs on microalgal biomass, hemolytic
activity of cell extracts has been used as a proxy of the levels of
APDs in cells.25 Samples of A. carterae biomass were collected
during its cultivation on an LED-based raceway PBR varying
daily irradiance and nutrient availability conditions in a total of
five experimental sets (described in Table 1). Figure 1 shows
the cell EC50 and average equivalent saponin potency (ESP)
throughout the whole culture of A. carterae during the five
experimental sets. It is notorious the increase in hemolytic
activity of A. carterae biomass along cultivation time, especially
from set 4 to set 5 (nearly 3-fold), marked by the increase in
the irradiance diel variation patterns from 18:6 to 24:0 (light/
dark cycles), respectively, and using f/2×3 (N/P = 5) as a
culture medium. At set 5, hemolytic activity reached its
maximum with a value of 2103 ± 440 pg per cell, close to 5-
fold greater compared to that reported by Molina-Miras et al.11
for other strains of A. carterae. So, it seems that this
methodology favored the APD biosynthesis, without the
need to establish a long steady-state phase, as was previously
demonstrated for A. carterae cultured in the fed-batch mode
with pulse feeding strategy.11
Antiproliferative Activity of A. carterae Biomass. The
biomass harvested from all sets also presented strong
antiproliferative activity (<−80%) against the four tumor cell
lines used and the three methanolic extract concentrations
selected (10, 30, and 100 μg/mL). This is consistent with the
hemolytic activity observed by the presence of APDs. Virtually,
no cell antiproliferative selectivity was obtained. Although
several polyketide metabolites isolated from different Amphi-
dinium strains have been reported in the literature, not all
clones produce the same compounds, are cytotoxic, and/or
show the same bioactivities.24 These results confirm the
potential use of the polyketide metabolites generated by
Amphidinium in the biomedical industry. Moreover, the
successful culture in a conventional photobioreactor may
represent a basis for the medium-large scale supply of these
compounds.
Metabolic Profile of Chloroform/Methanol (80:20 v/
v) A. carterae Biomass Extracts. Generally, the rather
complex matrix of the seawater-based cultivation broth of
marine microalgae represents a certain challenge for identi-
fication, ranging from highly polar zwitterionic metabolites to
entirely hydrophobic hydrocarbons or from small molecules to
higher-molecular-weight compounds such as lipids. Extraction
techniques have thus to cover a broad spectrum of metabolites,
so those relevant to our study shall be universally covered. To
recover nonpolar metabolites, samples were extracted using a
CDCl3/CD3OD (80:20 v/v) solvent system. The assignments
made on this chloroform/methanol (80:20 v/v) extract of A.
carterae are represented in Figure 2 and include mostly fatty
acids and pigments.
With the help of TOCSY (example in Figure S1) and HSQC
(example in Figure S2) correlations, most of the fatty acid
(FA) content could be unraveled (Table 2). According to
Molina-Miras et al.,13 FAs present in the biomass of A. carterae
cultured in semicontinuous mode comprised several saturated
fatty acids (SFAs), mainly hexadecenoic acid (16:0),
monounsaturated fatty acids (MUFAs), such as oleic acid
Figure 1. Average equivalent saponin potency (ESP) of A. carterae
culture from the different experimental sets (described in Table 1).
Figure 2. 1H NMR (600 MHz) spectrum of the chloroform/methanol extract of A. carterae biomass from set 5 (see Table 1). Fatty acids
assignments are given in Table 3. Abbreviations: DG, diacylglycerols; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FA, fatty acids;
PUFA, polyunsaturated fatty acids; TAG, triacylglycerols; UFA, unsaturated fatty acids; ω-3, omega-3 FA.
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(18:1n9), and polyunsaturated fatty acids (PUFAs), mostly
DHA (22:6n3) and EPA (20:5n3) and also stearidonic acid
(SDA; 18:4n3). Some of these fatty acids are common among
several microalgae strains. For instance, EPA and DHA were
detected in many of microalgae strains.16,26,27 The amount and
types of PUFAs depend on the culture conditions. In the
present study, EPA was present at a lower concentration than
DHA. The level of EPA depends on the elongation of EPA into
DPA before subsequent desaturation into DHA by Δ6
desaturase in the pathway for the biosynthesis of omega-3
long-chain PUFA.28
The −CH3 terminal group resonance of all fatty acids
(mostly MUFAs and SFAs) for A. carterae appeared at δH 0.87
ppm (triplet, J = 7.6 Hz), except for the −CH3 group of the ω-
3 fatty acids (EPA, DHA, and SDA) that shows up at δH 0.96
ppm (triplet, J = 7.0 Hz). These types of ω-3 fatty acids
contain a double bond close to the terminal −CH3 group that
causes shifts to higher frequencies in the spectrum. In
particular, the signal at δH 0.87 ppm in the TOCSY spectrum
has several cross peaks with protons located at δH 1.29, 1.60,
and 2.28 ppm (Figure S2), which correspond to the saturated
chain spin system of FAs. The observed cross peaks between
the signal at δH 0.96 ppm and resonances located at δH 2.07,
2.78, and 5.35 ppm are indicative of the presence of
polyunsaturated lipid chains, such as DHA and EPA (Figure
S2). The −CH2−COOR protons of all FAs result in a
composite signal at δH 2.28 ppm, while for DHA, this signal
appears at δH 2.36 ppm (and at δC 33.8 ppm in the
13C NMR
spectrum) due to the combined deshielding effect of the
COOH group and the double bond in the γ position with
respect to the COOH group. This chemical shift is highly
diagnostic for the presence of DHA in complex mixture
analysis. The same occurs with the −CH2−CH2−COOR
protons of EPA (triplet at δH 1.68 ppm), which is well
separated from the triplet at δH 1.60 ppm originated by other
fatty acids. Methylene and methine protons of the glycerol
backbone from triacylglycerides (TAGs) and diacylglycerols
(DGs) give rise to two doublets of doublets at δH 4.30 and
4.16 ppm and δH 4.31 and 4.21 ppm, respectively, while the
methine protons appear at δH 5.26 and 5.08 ppm, respectively.
The sterolic composition of A. carterae biomass could be
determined by observing singlets in the δH 0.6−0.75 ppm
spectral region, which belong to CH3-18. In fact, the
1H NMR
spectrum shows a characteristic high-intensity resonance at δH
0.73 ppm due to the CH3-18 of cholesterol. All the given
assignments were verified further by 2D experiments.
The downfield region starting from 5.5 ppm of the 1H NMR
spectra of the chloroform/methanol (80:20 v/v) extracts of A.
carterae biomass spectra indicated the signals for carotenoids
and chlorophylls constituents that were mainly ascribed to
chlorophyll a and peridinin (Figure 2), which was reported as
the major pigments identified in A. carterae biomass.13 These
photosynthetic pigments are valuable bioactive compounds
and abundant in microalgae.29,30 Singlets at δH 9.35 (δC 97.0
Table 2. Peak Assignment of the Fatty Acids Identified on A. carterae Chloroform/Methanol (80:20 v/v) Extracts
metabolite chemical assignment δH (ppm) δC (ppm)
Sterols
sterol (cholesterol) −CH3 0.73 13.6
Lipids: glycerides
triacylglycerols OCH (sn-2) glycerol 5.26 69.6
OCH2 (sn-1,3) glycerol 4.30, 4.16 62.0
1,2-diacylglycerols OCH (sn-2) glycerol 5.08 72.0
OCH (sn-1) glycerol 4.31, 4.21 62.4
HO−CH2 (sn-3) glycerol 3.71 62.8
Lipids: glycerophospholipids
phospholipids (PL) + glycolipids (GL) OCH2 glycerol 4.45−4.54 ∼61
Lipids: fatty acid chains
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ppm), 9.49 (δC 104.2 ppm), and 8.54 ppm (δC 93.5 ppm)
shown in Figure 2 were assigned to α-, β-, and δ- methine
protons of chlorophyll a, respectively, as has been already
reviewed.31 Table S1, Supporting Information explains
peridinin peak assignment in the region of δH 5.7−7.15 ppm,
which was only possible due to HSQC experiments and
literature data due to the low concentration of this compound.
The singlets due to methyl protons of peridinin should be
located in the region of δH 1.0−2.0 ppm, but the overlapping
found in our spectra with other signals made it difficult to
assign most of them. The presence of other carotenoids could
not be established due to their low concentrations in the
samples.
Metabolic Profile of Methanolic A. carterae Biomass
Extracts. The overview of compounds of high- to mid-range
polarity was obtained through extraction with CD3OD/D2O
KH2PO4 buffer (80:20 v/v). The visual inspection of NMR
spectra of A. carterae biomass extracts from different sets
revealed clear differences between them (Figure S3). A
tentative identification was made for A. carterae methanol/
water (80:20 v/v) extracts (Figure 3), and it includes
carbohydrates, amino acids, organic acids, polyols, osmolytes,
APDs, and other related metabolites. Information on proton
NMR chemical shifts and coupling constants for the assigned
metabolites are described in Table 3. All assignments were also
verified with two-dimensional (2D) NMR experiments, such as
1H−1H TOCSY, 1H−1H COSY, 1H−13C HMBC, and 1H−13C
HSQC and the help of the BBIOREFCODE 2 database from
Bruker and public NMR databases, such as COLMAR and
HMDB, and literature data.32,33
Figure 3A displays the high field region, from δH 0.90 to 3.25
ppm, of the 1H NMR spectrum of the methanol/water (80:20
v/v) extract of A. carterae biomass. Sharp resonance signals due
to amino acids (valine, isoleucine, leucine, threonine, alanine,
proline, methionine, glutamate, glutamine, lysine, and
aspartate) and organic acids (acetate, lactate, and succinate)
appear in this region and were assigned in accordance with the
previous literature and matching chemical shifts retrieved from
databases cited previously. Many of these metabolites were also
found in the microalgae Pleurochrysis carterae (under the same
phylum Haptophyta) by Zhou et al.34 and in the diatom
Chaetoceros calcitrans as reported by Azizan et al.35 A series of
broad peaks also appear in this region and are attributable to
the fatty acids, whose assignment was previously discussed in
Figure 3. Expansions A, B, and C of a characteristic 1H NMR (600 MHz) spectrum of the CD3OD/D2O KH2PO4 buffer (80:, v/v) extract of A.
carterae biomass from set 5 (see Table 1). Metabolite assignments are given in Table 2. Abbreviations: ala, alanine; APDs, amphidinolides and
amphidinols class; asp, aspartate; DG, diacylglycerols; FA, fatty acids; gal, galactose; glc, glucose; gln, glutamine; glu, glutamate; gly, glycine; his,
histidine; ile, isoleucine; leu, leucine; lys, lysine; met, methionine; phe, phenylalanine; pro, proline; PUFA, polyunsaturated fatty acids; TAG,
triacylglycerols; thr, threonine; trp, tryptophan; tyr, tyrosine; UFA, unsaturated fatty acids; val, valine; ω-3, omega-3 FA.
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the analysis of chloroform/methanol (80:20 v/v) extracts. 2D
NMR experiments helped us in the analysis of more difficult
assignments owing to overlapping of other signals, such as the
broad signals of fatty acids. For example, the doublets of
doublets at δH 2.66 and 2.86 ppm were assigned to aspartate
on the basis of the cross peaks observed in the two-
dimensional TOCSY spectrum and due to the correlation
with the 13C signal located at δC 35.7 ppm visible in the HSQC
spectrum.
Figure 3B shows the middle field region of the 1H NMR
spectrum (from δH 3.25 to 5.45 ppm), where the main signals
arise from carbohydrates moieties, which partially overlap with
the amino acid R−CH peaks. Again, the analysis of TOCSY
allowed the unequivocal assignment of these compounds.
Among carbohydrates, small amounts of glucose and galactose
were identified through the doublets at δH 5.14 (α-
configuration) and 4.52 (β-configuration) at δH 5.18 (α-
configuration) and 4.47 (β-configuration), respectively, and
through its correlations by 2D heteronuclear experiments. The
signals belonging to glycerol were easily identified by two
doublets of doublets at δH 3.52 and 3.60 ppm. Resonances for
some others compounds such as amino acid glycine and its
derivatives sarcosine (N-methylglycine) and betaine (trime-
thylglycine) were also identified, together with betaine’s
biosynthetic precursor choline. Betaine is an important
osmolyte in maintaining osmotic balance and stabilizing the
quaternary structure of complex proteins under abiotic
stresses.36 Betaine and its precursor choline are commonly
found in marine particulates containing natural assemblages of
marine plankton.37 Signals assigned to APDs were also found
in this region, and their correct assignment is given in the next
section.
Figure 3C shows the low field region, from δH 5.40 to 8.80
ppm, of the 1H NMR spectrum of the A. carterae methanol/
water (80:20 v/v) extract. The signals in this range are the
weakest and arise mostly from aromatic groups of amino acids,
such as phenylalanine, tryptophan, and tyrosine and nitro-
genous bases, mostly uracil. The two singlets located at δH 6.65
and 8.42 ppm belong to fumarate and formate, respectively.
Characteristic 1H signals at δH 7.20 and 8.18 ppm could be
ascribed to histidine. Two trans-olefinic (J = 15.9 Hz) signals
at δH 6.35 (δC 121.5 Hz) and 7.43 ppm (δC 137.4 ppm)
probably belong to a phenylpropanoid compound (e.g., caffeic,
ferulic, or coumaric acid), which have a great commercial value
in pharmacological and other industrial fields. Unfortunately,
its unequivocal identification was not possible due to its low
concentration.
Interestingly, broad peaks at δH 6.51, 5.99, 5.67, and 5.38
ppm were observed in the spectrum and tentatively ascribed to
an oxylipin-type compound. Oxylipins are a large and
structurally diverse family of lipid metabolites generated by
oxidation of PUFAs, mainly EPA and DHA, and involved in
the regulation of growth developmental processes and the
defense against biotic and abiotic stresses like drought,
mechanical wounding, UV radiation, temperature, and
pathogens.38 Such compounds have a broad range of activities
and are anti-inflammatory and vasodilatory.39 Microalgae can
produce a wide range of different biologically active oxy-
lipins.39 Table S2, Supporting Information includes δH and δC
information on the oxylipin structure found in A. carterae
biomass. Assignments were confirmed by one- and two-
dimensional TOCSY. Further studies are in progress in our
Table 3. Identified Metabolites and Their Signature Peak
(ppm) Values from 1H NMR Spectroscopy from A. carterae
Methanol/Water (80:20 v/v) Extracts
metabolite δH (ppm), J (Hz)
Amino acids
valine (Val) 1.01 (d, J = 7.0 Hz), 1.06 (d, J = 7.0 Hz)
isoleucine (Ile) 0.95 (t, J = 7.2 Hz), 1.02 (d, J = 7.0 Hz)
leucine (Leu) 0.98 (m)
threonine (Thr) 1.33 (d, J = 6.5 Hz), 4.18 (m)
alanine (Ala) 1.47 (d, J = 7.2 Hz)
proline (Pro) 1.99 (m), 3.29 (m), 3.40 (m), 4.02 (m)
methionine (Met) 2.12 (s), 2.63 (t, J = 7.5 Hz)
glutamate (Glu) 2.07 (m), 2.10 (m), 2.35 (m)
glutamine (Gln) 2.11 (m), 2.46 (m)
glycine (Gly) 3.44 (s)
aspartate (Asp) 2.66 (dd, J = 17.5; 9.3 Hz), 2.86 (dd, J = 17.5; 3.6 Hz)
lysine (Lys) 1.49 (m), 1.72 (m), 1.88 (m), 2.97 (t, J = 7.9 Hz)
tryptophan (Trp) 7.07 (td, J = 7.7; 0.9 Hz), 7.14 (m), 7.24 (s),
7.40 (dt, J = 8.1; 0.9 Hz), 7.70 (dt, J = 7.7; 0.9 Hz)
tyrosine (Tyr) 3.05 (dd, J = 8.7; 14.8 Hz),
3.21 (dd, J = 4.7; 14.8 Hz), 6.80 (d, J = 8.5 Hz),
7.15 (d, J = 8.5 Hz)
phenylalanine (Phe) 7.29 (m), 7.32 (m), 7.36 (m)
histidine (His) 7.20 (s), 8.18 (s)
Organic acids






β-galactose (β-gal) 4.47 (d, J = 7.8 Hz)
β-glucose (β-glc) 4.52 (d, J = 7.9 Hz)
α-glucose (α-glc) 5.14 (d, J = 3.7 Hz)











glycerol 3.52 (dd, J = 11.6; 6.3 Hz),
3.60 (dd, J = 11.6; 4.5 Hz), 3.68 (m)
Nitrogenous bases
uracil 5.68 (d, J = 7.7 Hz), 7.46 (d, J = 7.7 Hz)
cytosine 5.91 (d, J = 7.2 Hz), 7.47 (d, J = 7.2 Hz)
Others
putrescine 1.76 (m), 3.00 (m)
APDsa 4.92 and 4.97 (CH2), 4.99 and 5.07 (CH2), 5.58,
5.79, 5.81
oxylipin derivativesa 6.51 (m), 5.99 (m)
phenylpropanoid 6.36 (d, J = 15.6 Hz), 7.09, 7.28, 7.39
cofactors (e.g., ATP,
NADPH, etc.)








aTables S2 and S3 show 1H and 13C NMR assignments made for both
APDs and oxylipin derivatives.
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group in order to promote their formation in a higher extent
and in the optimization of their isolation procedures.
Assignment of APD Class of Metabolites. As stated
above, the assignment of APD metabolites was possible with
the help of 2D NMR experiments, HRMS, and tandem MS. A
careful inspection of the two-dimensional 1H−13C HMBC
spectrum of the extract itself allowed identifying key fragments
that are common in most of the amphidinolides already
known. Peak assignment of the amphidinol identified on A.
carterae methanol/water (80:20 v/v) extracts is given in Table
S3. Interestingly, HMBC correlations of signals at δ 4.09/211.5
(H11/C13) and 4.04/211.5 (H15/C13) permitted to unravel
the β,β′-dihydroketone functionality, cross peaks at δ 5.07/
149.5 (H69/C42), 5.07/26.1 (H69/C41), and 4.99/75.2
(H69/C43) identified the exomethylene moiety, and δ 4.92/
33.4 (H65/C63) and 2.00/28.7 (H63/C61) the terminal
olefin (Figure 4).
In addition, the amphidinol present in the extract did not
contain the conjugated triene moiety present in amphidinols
such as linshuiol11 or amphidinol 3,4 what points to
amphidinol A or karatungiol A40 as the polyketide found in
our extract. The study of the high-resolution MS data from the
CH3OH/H2O (80:20 v/v) extracts led to observe the
detection of the main m/z signals of 1361.8571 in positive
polarity and 1417.8135 in negative polarity (after logically
subtracting the background signals). The first one corre-
sponded to a predicted molecular formula of C69H126O24Na
(with 2.5 ppm of accuracy error and a very satisfactory isotopic
pattern prediction (i-FIT)). This finding demonstrates that the
substance under study was C69H126O24 (exhibiting a signal
corresponding to [M + Na]+), accounting for seven formal
unsaturations, what definitively confirms the lack of the triene
subunit and, more importantly, focus the structure on
amphidinol A instead of karatungiol A. The TOF MS (time-
Figure 4. Structure of amphidinol A (R = H) and amphidinol B (R = SO3H) (the diagnostic HMBC cross peaks are shown with arrows).
Figure 5. (A) Principal component analysis (PCA) score and (B) loading plots resulted from the analysis of 1H NMR spectra of both methanol/
water (80:20 v/v) and chloroform/methanol (80:20 v/v) extracts of A. carterae biomass for the five experimental sets corresponding to
semicontinuous cultures (described in Table 1). PCA loading plot reveals the spectral regions (buckets) from methanol/water (80:20 v/v; circles)
and chloroform/methanol (80:20 v/v; triangles) A. carterae extracts, which are located according to the discrimination pattern of the score plot.
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of-flight mass spectrometry) negative mode spectrum provided
a prevalent m/z signal of 1417.8135, which corresponds to [M
− H]− of amphidinol B (C69H125O27S− (prediction error = 0.4
ppm and excellent i-FIT)) and provides the diagnostic M2+
isotopic cluster of sulfur-containing entities. Thus, the
coexistence of amphidinol B together with amphidinol A was
proved. Our results are therefore in agreement with those
found by Cutignano et al.,5 who were able to isolate
amphidinols A and B (the 7-sulfate derivative) from strains
of A. carterae.
The presence of amphidinol B in our extracts was further
confirmed after assigning to it the m/z signal of 1463.7921
(detected in positive polarity), which perfectly matched with
the ion [M −H2+Na]+ (C69H125O27Na2S+) and had been
previously observed by the just cited research team.
The most prevalent fragmentation signals achieved by ESI-
IT MS for amphidinol A (m/z 1361.8 as a precursor ion) were
the following ones (relative intensity (%) among brackets):
1085.6 (100), 687.4 (56.7), 1143.5 (27.1), 963.6 (12.1), and
745.4 (11.1) (Figure S4). When amphidinol B (m/z 1417.8
considered as a precursor ion) was fragmented, the m/z signals
(and their relative intensities) of 1019.5 (100), 785 (10), 296.9
(10), and 355.1 (10) were registered within the MS/MS
spectrum (Figure S4). The described fragmentations patterns
are quite similar to those obtained by Cutignano et al.,5
particularly regarding the m/z signals detected in the MS/MS
spectra (the relative intensity of the fragments differed, but that
has obviously to do with the cutoff energy and amplitude
applied).
PCA of Spectroscopic Profiles of A. carterae. The
untargeted metabolite profile for the microalgal species A.
carterae was generated using NMR spectroscopy and
investigated through multivariate analysis performed over 1H
NMR data first using principal component analysis (PCA).
The PCA scores and loadings plots are represented in Figure 5.
The PCA scores analysis (Figure 5A) showed clear
discrimination between A. carterae biomass cultures collected
from the five different experimental sets, assuring a differential
metabolic profiling between them. The PCA loadings plot of
Figure 5B reveals the metabolites responsible for the
discrimination pattern for each culture set. The position of
each group in a given direction in the score plot is influenced
by the metabolites (loadings) that are in the same direction in
the loading graph. Thus, the loadings farthest from the center
of the graph represent the spectral areas (containing specific
metabolite signals) that have a greater influence on the
discrimination observed.
To obtain an overall picture of the metabolic variations
during each cultivation period, a hierarchically clustered
heatmap (Figure 6) was obtained from a total of 50
discriminating buckets containing significantly altered micro-
algal metabolites. The heatmap provides an intuitive visual-
ization of the data matrices and useful insights into
dysregulated metabolite features and sample grouping. Thus,
it is possible to visualize which metabolites increase or decrease
in a particular sample group. The results clearly established
that the samples collected at different sets were remarkably
different in terms of the expression levels of metabolites.
Briefly, biomass samples collected in sets 4 and 5 show a
general increase in the levels of free amino acids (e.g., alanine,
threonine, valine, isoleucine, leucine, lysine, glycine, proline,
asparagine, tyrosine, phenylalanine, and tryptophan), mostly
for set 4. Analogous to the results of the amino acids, the levels
of carbohydrates (glucose and galactose) were also higher at
sets 4 and 5. Set 4 showed a maximum content in chlorophyll a
and peridinin. Oxylipin compound (from PUFA oxidation)
and glycerol increased for set 1, while set 2 showed a maximum
content in SFAs and MUFAs. DHA and EPA showed a peak of
production on sets 3 and 5, respectively. This profile exhibited
by A. carterae is in line with those reported previously for the
same species photoautotrophically grown. APDs are also
Figure 6. Heatmap showing z-scores of 50 discriminatory buckets
from methanol/water (80:20 v/v) and chloroform/methanol (80:20
v/v, signaled with a quotation mark) extracts of A. carterae biomass
and their assigned metabolites for the five different experimental sets.
The heatmap construction was based on Euclidean distances and
Ward clustering. The X axis represents the average of eight biological
replicates for each culture set (from 1 to 5). The color scheme
represents the variation on the metabolic content among the five
groups in a scale from dark blue (lowest content) to dark red (highest
content). The center for each bucket (ppm) of 0.04 ppm widths is
represented. Abbreviations: ala, alanine; APDs, amphidinolides and
amphidinols class; asp, aspartate; bet, betaine; chl a, chlorophyll a;
DG, diacylglycerols; DHA, docosahexaenoic acid; EPA, eicosapentae-
noic acid; FA, fatty acids; gal, galactose; glc, glucose; gln, glutamine;
glu, glutamate; gly, glycine; his, histidine; ile, isoleucine; leu, leucine;
lys, lysine; met, methionine; MUFA, monounsaturated fatty acids;
phe, phenylalanine; pro, proline; phenylprop, phenylpropanoid;
PUFA, polyunsaturated fatty acids; putr, putrescine; SFA, saturated
fatty acids; TAG, triacylglycerols; thr, threonine; trp, tryptophan; tyr,
−tyrosine; UFA, unsaturated fatty acids; val, valine; n-3, omega-3 FA.
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clearly more concentrated at set 5, being in accordance with
our previous results on hemolytic activity (Figure 1).
A heatmap of correlations was also performed (Figure 7),
where metabolite−metabolite correlation analysis was con-
ducted by Spearman’s rank correlation coefficient analysis. The
heatmap revealed several “hot spots” of highly correlated
buckets, which may contain peaks coming from the same
metabolite or metabolites that belong to the same class (e.g.,
amino acids) or, more importantly, that share the same
physiological functions in the cell and/or intermediate the
same biochemical pathways.
Metabolic Variations due to Increased Daily Irradi-
ance. In illuminated microalgae cultures, inorganic carbon is
fixed into storage carbon compounds during the light period,
such as carbohydrates and lipids, which are consumed in the
dark period to accommodate vital cell functions.41 As a result,
for the choice of the illumination regime in industrial
microalgal cultivations, such as continuous light or a light
dark cycle, the length of the photoperiod and the light intensity
could markedly affect both the growth and the biomass
composition of microalgae. Herein, the cellular content in
biomass metabolites (especially the photosynthesis-related
ones) in relation to light conditions was monitored. PLS-DA
models were generated with NMR data from A. carterae
biomass harvested in the transitions characterized by an
increase in the daily mean irradiance received by the culture
(Yo) according to Table 1: (i) from sets 1 and 2 (Figure 8A)
and (ii) from sets 4 and 5 (Figure 8B), henceforth referred to
as T1-2 and T4-5, respectively. A PLS model allows us to relate
two data matrices (X and Y) to each other by a linear
multivariate model, and it is useful to understand how the X
variables are influenced by a Y variable in this study, Yo. The
models were interpreted as good models by means of R2 and
Q2 cumulative value with scores of 0.976 and 0.999 and 0.918
and 0.999 for models of Figure 8A,B, respectively. The R2
value gives an overview of the fitness of the model, and Q2
Figure 7. Heatmap of correlations between 50 selected buckets and their assigned metabolites from A. carterae biomass methanol/water (80:20 v/
v) and chloroform/methanol (80:20 v/v, signaled with a quotation mark) extracts. Each square represents the Spearman’s correlation coefficient
between the metabolite of the column with that of the row in a color scheme ranging from dark blue (lowest correlation) to dark red (highest
correlation). The center for each bucket (ppm) of 0.04 ppm widths is represented. Abbreviations: ala, alanine; APDs, amphidinolides and
amphidinols class; asp, aspartate; bet, betaine; chl a, chlorophyll a; DG, diacylglycerols; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid;
FA, fatty acids; gal, galactose; glc, glucose; gln, glutamine; glu, glutamate; gly, glycine; his, histidine; ile, isoleucine; leu, leucine; lys, lysine; met,
methionine; MUFA, monounsaturated fatty acids; phe, phenylalanine; pro, proline; phenylprop, phenylpropanoid; PUFA, polyunsaturated fatty
acids; putr, putrescine; SFA, saturated fatty acids; TAG, triacylglycerols; thr, threonine; trp, tryptophan; tyr, tyrosine; UFA, unsaturated fatty acids;
val, valine; n-3, omega-3 FA.
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value describes the prediction quality of the model. Both values
are close to 1 and represent a good performance model.22
Amino Acids. In T1-2 from 286 to 430 μE m−2 s−1, the
metabolism of amino acids was affected differently compared
to the above-described changes between the sets gathered in
two groups, that is, from sets 1 and 2 to sets 4 and 5. Hence,
four amino acids (valine, isoleucine, proline, tyrosine, and
histidine) were not upregulated in response to a higher Yo in
set 2 relative to set 1 (see contributions plot at Figure 8C).
The transition T4-5 (Yo from 430 to 573 μE m
−2 s−1)
accentuated that trend-inducing downregulation of most of the
amino acids, while their levels remained still clearly above
those measured in sets 1, 2, and 3, as it is shown in Figure 8D.
This progression may be partially associated with an excess of
illumination in set 5 compared to set 4. Excess light energy that
cannot be converted into chemical energy is dissipated by
means of protective light-regulating, nonphotochemical
quenching (NPQ) mechanisms. Photoinhibition really is the
net result of light-induced damage to PSII, counteracted by the
cellular repair mechanisms and photoprotective processes (i.e.,
NPQ). Thus, photodamage does not suddenly begin at a given
irradiance but occurs whenever cells are illuminated. Light
stress becomes metabolically evident if the rate of photo-
inhibition is the same order (light saturation) or exceeds
(photodamage) the rates of NPQ and PSII repair.42 The
damage of PSII consists of initial oxidation events of the D1
and D2 proteins by both O2
·− and HO· involved in the
photoinhibitory process. Specific amino acid residues of the D1
Figure 8. PLS-DA scores and contribution plots obtained from 1H NMR data of both methanol/water (80:20 v/v) and chloroform/methanol
(80:20 v/v) extracts of A. carterae biomass from (A, C) sets 1 and 2 and (B, D) sets 4 and 5. Daily irradiance was represented as follows 1, 286 μE
m−2 s−1; 2, 430 μE m−2 s−1; and 3, 573 μE m−2 s−1. Scaling was done to unit variance. An increase in the daily mean irradiance was observed in the
transition from 1 to 2 and from 4 to 5 according to Table 1. The contribution plots include the list of the metabolites that mostly increase (upper
bars) or decrease (down bars) with increased irradiance through the analysis of their VIP “variable importance in projection” values (VIP > 1.0).
Abbreviations: ala, alanine, APDs, amphidinolides and amphidinols class, asp, aspartate; bet, betaine; chl a, chlorophyll a; DG, diacylglycerols;
DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FA, fatty acids; gal, galactose; glc, glucose; gln, glutamine; glu, glutamate; gly, glycine; his,
histidine; ile, isoleucine; leu, leucine; lys, lysine; met, methionine; MUFA, monounsaturated fatty acids; phe, phenylalanine; pro, proline;
phenylprop, phenylpropanoid; PUFA, polyunsaturated fatty acids; putr, putrescine; SFA, saturated fatty acids; TAG, triacylglycerols; thr, threonine;
trp, tryptophan; tyr, tyrosine; UFA, unsaturated fatty acids; val, valine; n-3, omega-3 FA.
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and D2 proteins that are oxidized by HO· and, possibly O2
·−,
have been recently identified during illumination.43 These
observations allow conjuring a negative impact on the synthesis
of amino acids in microalgae under light stress. In this sense,
sets 4 and 5 may have been dominated by a light-saturated
growth.
In keeping with an earlier study with Scenedesmus obliquus,44
the effects of irradiance level (Yo) and photoperiod length may
be overlapped. Table 1 shows that Yo in sets 1 to 4 was
provided including a darkness period, while Yo in set 5 was
provided continuously in a 24 h light cycle. Amino acid
contents in S. obliquus were higher in all growth phases for
cultures with photoperiod in the illumination cycle compared
to cultures illuminated continuously.44 Therefore, irradiance
level and existence of a darkness period in the illumination
cycle are two factors that trigger the synthesis of amino acids
by different routes. Increased irradiance would favor the cell
growth and protein production, while light/dark cycles would
stimulate the accumulation of free amino acids in the
intracellular environment during the darkness period but at
lower average growth rates.44 Thus, the data in Figures 8 and 9
of the transition T4-5 do not permit a definite conclusion to be
drawn about the amino acid metabolism of A. carterae. There
is, therefore, the possibility that the downregulation of most of
the amino acids in T4-5 is the net result of the effect of light
excess, darkness absence, and increased Yo.
On the other hand, it is hard to establish meticulous
comparison with data reported in the literature for other
microalgae because of the complexity of amino acid synthesis
pathway depending on the species. To further support this
point, a few examples are highlighted below. Glutamate and
glutamine are a critical nitrogen entry point because many
other amino acids and cofactors are produced from them, as
reported for nondinoflagellate microalgae.45 Results presented
herein showed that the glutamate content in A. carterae did not
vary, but the glutamine content increased in T1-2 and
decreased in T4-5. Interestingly, sets 1−4 had a darkness
period in the light regimes fixed, while set 5 did not. Algae such
as Dunaliella accumulated glutamine under continuous light
compared to the L/D cycle.46 In contrast, glutamine was not
detected in Scenedesmus obliquus cultures, but glutamate
concentration was higher with the L/D cycle at all growth
phases than with continuous light.44 Differently, the relative
abundances of glutamate and glutamine in Chlamydomonas
reinhardtii did not change during photoacclimation to high
irradiance under constant L/D cycle, although plausible
explanations were given, they were also inconclusive.47
Surprising results were also reported for the haptophyte
Isochrysis sp., because its amino acid content and profile were
found to change slightly with the irradiance varied from 50 to
1000 μE m−2 s−1.48
Fatty Acids and Pigments. Changes on A. carterae lipidic
and pigment profiles along with the increased irradiance
Figure 9. (A) PLS-DA scores and (B) contribution plots obtained from 1H NMR data of both methanol/water (80:20 v/v) and chloroform/
methanol (80:20 v/v) extracts of A. carterae biomass from sets 2−4, along with an increase in concentration levels of the f/2 medium nutrients (f/
2×1 to f/2×3) according to Table 1. The contribution plots include the list of the metabolites that mostly increase (upper bars) or decrease (down
bars) with increased nutrient availability through the analysis of their VIP “variable importance in projection” values (VIP > 1.0). Abbreviations: ala,
alanine; asp, aspartate; bet, betaine; chl a, chlorophyll a; EPA, eicosapentaenoic acid; FA, fatty acids; gal, galactose; glc, glucose; gln, glutamine; gly,
glycine; ile, isoleucine; leu, leucine; lys, lysine; met, methionine; MUFA, monounsaturated fatty acids; phe, phenylalanine; pro, proline; Putr,
putrescine; SFA, saturated fatty acids; thr, threonine; trp, tryptophan; tyr, tyrosine; val, valine.
Journal of Agricultural and Food Chemistry Article
DOI: 10.1021/acs.jafc.9b02821
J. Agric. Food Chem. 2019, 67, 9667−9682
9678
followed patterns that were reported and discussed by Molina-
Miras et al.13 In T1-2, the content in SFAs and MUFAs
increased, while the general amounts of PUFAs decreased
except for DHA whose content slightly increased (see Figure
8C). Oxylipin compound from PUFA peroxidation also
decreased along with glycerol.
The transition T4-5 promoted less evident changes on the
fatty acid profile compared to the transition T1-2, as also
evidenced by the heatmap of Figure 5. Still, a slight increase in
ω-3 fatty acids (DHA and EPA) was noticeable. This pattern
seems to confirm light-saturated growth in sets 4 and 5. The
content in the pigments chlorophyll a and peridinin decreased
systematically with the increased irradiance on both transitions
T1-2 and T4-5 (Figure S5). This is due to photoacclimation
regulating the size of the light-harvesting antennae based on
the irradiance level received by the cells.13 The highest
concentration for both compounds was observed at set 4, with
an 18/6 light/dark illumination regime and using f/2×3 (N/P
= 5) as a culture medium.
APDs. The transition T4-5 characterized by a 24 h light
cycle in set 5 also induced the downregulation of most of the
primary sugars as observed for amino acids (Figure 8D), while
their levels remained still clearly above those measured in the
rest of sets, as shown in Figure 6. This reflects the light-stress
regulation mainly through increased carbohydrate metabolism,
which might divert from amino acid and protein synthesis to
support the biosynthesis of defensive compounds.49 This is
may be the case of APDs. These polyketides have the glycolate
as the starter unit of polyketide synthases assembly leading to
this class of metabolites.5 Glycolate is oxidized to glyoxylate,
and this is metabolized to glycine.5 As the synthesis and
metabolism of glycolate is boosted in algae as a mechanism to
protect cells against light stress,47 it would be feasible to expect
an increase in APDs in biomass produced in set 5 (see Figure
1). Indeed, the glycine content in the biomass from sets 4 and
5 was significantly higher than in the rest of sets.
Metabolic Variations due to Increased Nutrient
Availability. C and N allocation due to increased nutrient
availability was investigated in this section. Figure 9 shows a
PLS-DA model created with NMR data from A. carterae
biomass from sets 2−4, which evaluates the effect on the
increased concentration levels of the f/2 medium nutrients (f/
Figure 10. (A) Univariate simple linear regression between the hemolytic activity and the absolute integrals of the peak at δH 5.07 ppm assigned to
APDs. (B) PLS score contributions and (C) loading plots obtained from 1H NMR data of both methanol/water (80:20 v/v) and chloroform/
methanol (80:20 v/v) extracts of A. carterae biomass for all the sets (X data) and from the hemolytic activity (Y data). (D) List of the metabolites
that contribute most to the discrimination of the PLS model through the analysis of their VIP “variable importance in projection” values (VIP >
1.0). Abbreviations: ala, alanine; APDs, amphidinolides and amphidinols class; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FA, fatty
acids; leu, leucine; lys, lysine; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; putr, putrescine; UFA, unsaturated fatty
acids.
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2×1 to f/2×3). In the transition from set 2 to set 4, the general
content in SFAs and MUFAs decreased while PUFAs ω-3
increased (but mostly from set 2 to set 3). The content in free
amino acids and sugars on set 4 was the highest. Due to the
increase in nutrient availability, the assimilated N was re-
distributed via the glutamate−glutamine pathway and the
corresponding transaminase pathways and stored as amino
acids and intermediate molecules, including proline, alanine,
arginine, and succinate, via the GABA pathway and the TCA
cycle. In C flow pathways, the new assimilated C is re-
distributed into storage sugar molecules and C-containing
compounds, such as glucose 6-phosphate (G6P), fructose 6-
phosphate (F6P), phosphoenolpyruvate (PEP), lactate, and
leucine, via the GABA pathway and the TCA cycle, or can be
diverted into storage lipid biosynthesis.49 Nutrient availability
also influenced pigment synthesis, causing a general increase in
chlorophyll a and peridinin until they reached their maximum
at set 4 (also evidenced in Figure S5).
Correlation between Hemolytic Activity and NMR
Data. The fast monitoring of bioactive compounds is
important to quickly understand if the applied culture
conditions are favoring their production. We aim to develop
a simple and direct quantification method of such molecules by
NMR. To do so, the absolute integral of the peak at δH 5.07
ppm along the different 1H NMR spectra of methanol/water
(80:20 v/v) extracts of A. carterae was calculated and
correlated with hemolytic activity by a univariate simple linear
regression (Figure 10A). Despite this high correlation obtained
(R2 = 0.97), other compounds may also contribute to the
hemolytic activity. To confirm the lack of this interference
from other compounds, supervised multivariate data analysis
techniques were applied to find a correlation between NMR
data and hemolytic data of A. carterae biomass. Figure 10B,C
represent PLS scores and loadings plots, respectively, from 1H
NMR and hemolytic activity data. The loadings plot of Figure
10C allows is to visualize all the buckets from methanol/water
(80:20 v/v) and chloroform/methanol (80:20 v/v) extracts
that are more correlated to the hemolytic activity, which are
the closest to the blue point representing the hemolytic
activity. Finally, the contribution plot of Figure 10D allows us
to confirm that, from all the discriminating metabolites, APDs
(contribution bar in red) have the highest correlation with
hemolytic activity. The other metabolites having high
correlation factors with hemolytic activity do not necessarily
contribute directly to this activity but may be present in higher
quantities on samples from set 5 due to a deviation of
metabolic pathways in order to produce APD compounds or
for other undetermined reasons.
In conclusion, this study allowed to apply a metabolomics
approach using NMR spectroscopy and multivariate data
analysis to investigate metabolic changes on a long-term (>170
days) culture of the dinoflagellate microalga A. carterae in a
raceway photobioreactor operating in a semicontinuous mode
and by altering the concentration levels of the f/2 medium
nutrients and daily mean irradiance. Increased daily irradiance
contributed for the decrease in the major pigments
(chlorophyll a and peridinin) and a general increase in SFAs,
MUFAs, and also DHA (while for other PUFAs it was the
opposite). Increased nutrient availability lead to an increase in
sugar, amino acid, and PUFA ω-3 contents and pigments
chlorophyll a and peridinin, accompanied by a decrease in
SFAs and MUFAs. The last set operating with a 24 h light
cycle showed a 3-fold increase in APDs, maybe due to a stress-
mediated response caused by photoacclimation. As expected,
the spectral buckets containing APD peaks is shown to be
those more correlated with hemolytic activity. The use of
NMR and metabolomics techniques was confirmed, for the
first time, to be a suitable method to accompany the
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Loṕez-Rosales, L.; Chisti, Y.; Molina-Grima, E. Bioactives from
microalgal dinoflagellates. Biotechnol. Adv. 2012, 30, 1673−1684.
(2) Sathasivam, R.; Radhakrishnan, R.; Hashem, A.; Abd_Allah, E. F.
Microalgae metabolites: A rich source for food and medicine. Saudi J.
Biol. Sci. 2019, 26, 709−722.
(3) Kobayashi, J. i.; Kubota, T. Bioactive Metabolites from Marine
Dinoflagellates. In Comprehensive Natural Products II; Elsevier:
Oxford, 2010; pp 263−325.
(4) Nuzzo, G.; Cutignano, A.; Sardo, A.; Fontana, A. Antifungal
Amphidinol 18 and Its 7-Sulfate Derivative from the Marine
Dinoflagellate Amphidinium carterae. J. Nat. Prod. 2014, 77, 1524−
1527.
(5) Cutignano, A.; Nuzzo, G.; Sardo, A.; Fontana, A. The Missing
Piece in Biosynthesis of Amphidinols: First Evidence of Glycolate as a
Starter Unit in New Polyketides from Amphidinium carterae. Mar.
Drugs 2017, 15, 157.
(6) Ishikawa, C.; Jomori, T.; Tanaka, J.; Senba, M.; Mori, N.
Peridinin, a carotenoid, inhibits proliferation and survival of HTLV-1-
infected T-cell lines. Int. J. Oncol. 2016, 49, 1713−1721.
(7) Onodera, K.-i.; Konishi, Y.; Taguchi, T.; Kiyoto, S.; Tominaga,
A. Peridinin from the marine symbiotic dinoflagellate, Symbiodinium
sp., regulates eosinophilia in mice. Mar. Drugs 2014, 12, 1773−1787.
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A B S T R A C T
A study has been conducted to assess clarification efficiency and cell damage during centrifugation, and to
optimize this operation for the dinoflagellate microalga Amphidinium carterae. Although cells were easily re-
covered from the cell suspension, cell damage was observed in some experiments once the cells had sedimented.
Cell damage depends on both the residence time of the cells in the pellet and on the g-force applied. 2D
Computer fluid dynamics simulations were carried out to simulate and predict microalgal cell settling times, and
a dimensionless number was used to obtain an operating window (combinations of g-force and centrifugation
time) for optimal centrifugation of the microalga. The approach used in this study can be extrapolated to other
cells and other centrifuges.
1. Introduction
Microalgae have been traditionally used as food for larval and ju-
venile animals in aquaculture [1]. However, nowadays, they are also
attracting enormous interest due to their vast potential in a large
variety of other applications, for example in wastewater treatment and
sequestration of atmospheric CO2 [2], production of biofuels (mainly
biodiesel) as promising alternatives to fossil fuels in terms of economic,
renewability, and environmental concerns [3], and production of nu-
merous high-value compounds, including polyunsaturated fatty acids,
antioxidants, vitamins, and antimicrobial and anticancer drugs [4].
Marine dinoflagellates are an intriguing class of microalgae (class
Dinophyceae) that are known to produce a range of fascinating bioac-
tive compounds [5,6]. For example, the dinoflagellate Amphidinium
carterae produces an interesting group of polyketide metabolites,
namely amphidinolides and amphidinolds (both referred to henceforth
as APDs), which elicit potent anticancer, antifungal and haemolytic
activities and are therefore potentially useful in studies of drug design
[7]. As such, the demand for increasing quantities of APDs, as well as
other dinoflagellate-derived bioactive compounds, is increasing [6].
However, the only source of APDs is currently APD-producing micro-
algae, and supply constraints are a major obstacle to the successful
research, development, and marketing of these compounds [5,6,8]. In
recent studies, the feasibility of producing bioactive substances from
pilot-plant cultures of the dinoflagellates A. carterae and Karlodinium
veneficum using simple and scalable processes has been assessed [9–13].
Despite the huge potential of microalgae in general, and dino-
flagellates in particular, in a wide range of applications, microalgal-
based production systems for high-value bioactives are not yet eco-
nomically viable. Different upstream strategies to improve the eco-
nomics of these processes have been discussed extensively, including
the use of genetically modified strains [14], the use of wastewater as a
culture medium to reduce both the freshwater requirement and pro-
duction costs [3,15], and the implementation of biorefinery-based
production strategies, taking advantage of every component of the
microalgal biomass to obtain useable products in order to lower overall
production costs [16,17]. However, despite the progress made in mi-
croalgal cultivation systems, the final concentration of biomass when
grown phototrophically is very low (less than 1 g L−1 for open ponds
and about 5 g L−1 for closed systems), with small cell sizes (5–30 μm)
and cell densities close to that of water (average ∼ 1020 kg m-3) [16].
As such, large volumes of algal suspensions need to be handled in
downstream processing.
Harvesting of the biomass from the broth is considered a critical
step and has been estimated to account for up to 30% of the total cost of
microalgae production [18]. As such, the implementation of energy-
efficient and cost-effective technologies and protocols for effective se-
paration and recovery is imperative [19]. Microalgal harvesting relies
on reducing the water content of the microalgal suspension as much as
possible. Moreover, an ideal separation process should be applicable to
https://doi.org/10.1016/j.algal.2019.101677
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most strains of microalgae, provide a product biomass with a high dry
weight, and require reduced energy, operating and maintenance costs.
Amongst others, the processes commonly used to harvest microalgae
include screening, flocculation, sedimentation, filtration, and cen-
trifugation. Although it is generally accepted that there is currently no
definitive and highly efficient harvesting method that can be used with
all microalgal strains, it is widely accepted that centrifugation is the
fastest method, is applicable to the vast majority of microalgae and, in
many cases, can be used as a one-step separation process [18,20].
Centrifugation is routinely used for research and small-scale op-
erations, and for the recovery of high-value metabolites. Nonetheless,
although the reliability and efficiency of centrifugation are high, evi-
dence that high shear rates and centrifugal forces can potentially result
in cell damage [13,21], and operating costs [20], frequently offset its
merits for large-scale algal separation.
Centrifuges are normally adjusted to maximize recovery efficiency.
However, recovery efficiency depends on the settling characteristics of
the cell, centrifuge design, and the centrifugation protocol (settling
depth, retention time, and centrifugal force). As such, the highest re-
covery efficiency may not coincide with cost-effective and damage-free
algal cell harvesting.
Herein we introduce an approach based on a dimensionless number
to develop cell damage free centrifugation protocols for shear-sensitive
microalgae. The model microalga used was A. carterae and the proce-
dure was corroborated using literature data for a microalga lacking a
cell wall (Dunaliella salina) and for an extremely shear-sensitive cell
(Spodoptera exigua). Our findings corroborate that the approach pre-
sented in this work may be useful for developing reliable centrifugation
protocols, thereby avoiding cell damage.
2. Materials and methods
2.1. The microalga and maintenance
Monocultures of the marine dinoflagellate microalga A. carterae
(strain Dn241EHU) were used. The strain was provided by the Culture
Collection of the Plant Biology and Ecology Department at UPV (Spain).
A. carterae inocula were grown in flasks at 21 ± 1 °C under a 12:12 h
light–dark cycle. The irradiance at the surface of the culture flasks (60
μE m−2 s-1) was provided by four 58 W fluorescent lamps. f/2 medium
with an N:P molar ratio of 24 [22,23] was used for inoculum main-
tenance.
2.2. Centrifugation assays
Cultures for centrifugation experiments were obtained by in-
oculating cells in exponential growth phase in a 10-liter bubble column
photobioreactor, as described elsewhere [24]. Briefly, the culture
medium was a modification of f/2 with an N:P molar ratio of 5 [13],
and the culture temperature was maintained at 21 ± 1 °C under a
12:12 h light–dark cycle irradiance at the surface (600 μE m−2 s-1).
Cultures were sparged continuously with filtered air at a flow rate of 0.5
vvmin, and the pH was maintained at 8.5 by automatic on-demand
injection of pure carbon dioxide.
Microalgal cultures at a cell concentration of 4.0 × 106 cells mL−1
and with a viability of more than 98% were used in all experiments.
Cell concentration and viability were quantified by flow cytometry, as
described elsewhere [11]. Five measurements per sample were per-
formed and the average value was used. The mean cell equivalent
diameter was 12.39 ± 0.78 μm (n = 105). Since A. carterae cells have
an ellipsoidal shape [25], the equivalent diameter was used to calculate
the longest (L = 22 μm), intermediate (I = 12 μm), and shortest (S =
7 μm) lengths of the cells.
Cultures were deposited in 50 mL Falcon tubes and centrifuged in a
benchtop centrifuge (Beckman Coulter, model Allegra 25R) using a
rotor (swing-out head) with a maximum radius of 13.7 cm (max
RCF = 15,300×g). The height of the suspension (hc) was 10.4 cm
throughout the experimental work; g-forces (gc) of up to 13,500×g, and
centrifugation times (tc) of up to 35 min were used. After centrifuga-
tion, the supernatant was removed and the cell pellet was re-suspended
in fresh medium. Cell concentration was measured using a hemocyt-
ometer under a light microscope, and cell viability was estimated using
chlorophyll as a marker for cell rupture. The relationship between
broken cell and chlorophyll concentration was obtained as follows: A
volume of 100 mL of cell suspension was sonicated on ice using an
ultrasonic probe-type device (Hielscher Ultrasonics, model UP200S)
with the following settings: 0.5 pulse cycle, 80% amplitude. The extent
of cell rupture was checked by light microscopy. All cells were broken
after 6 min. After sonication, the samples were centrifuged (3000×g,
8 min) to remove cell debris, and serial dilutions were prepared using
the culture medium as diluent. Volumes of 200 μL of solution were
placed in a black, clear-well, flat-bottomed 96-well microplate
(Corning, ref 3603) to prevent well-to-well crosstalk, and the fluores-
cence of chlorophylls was measured using a monochromator-based
microplate reader (BioTek, model Synergy Mx). The excitation wave-
length was 480 nm and emission wavelengths were between 500 and
700 nm. The area below the emission curve between 640 and 800 nm
was related to broken cells, as shown in Fig. 1.
The cell density was measured by density gradient centrifugation in
Percoll according to the method described by Whitelam et al. [26]. A
value of 1.200 g mL−1 was obtained. The bulk density of the culture
medium was measured using a pycnometer and found to be 1.037 g
mL−1. The viscosity of suspensions was measured using a viscometer
(Brookfield, model DV-II + Pro) and found to be 1180 × 10-6 Pa s. No
significant changes in these parameters were observed for the different
cultures.






where Np and Ni are the total number of cells in the pellet and in sus-
pension prior to treatment, respectively. All experiments were carried
out in duplicate.
2.3. CFD simulations
Cell-sedimentation times for each centrifugation experiment were
simulated using the CFD software Fluent® v19.2 (Ansys, Canonsburg,
PA, USA). As the tube is axis-symmetrical, it was simulated in 2D using
a structured grid with an optimum size of 0.2 mm. Laminar flow was
assumed and a two-phase Eulerian model, in which the cells represent
Fig. 1. Relationship between broken A. carterae cell concentration and the area
below the chlorophyll emission curve between 640 and 800 nm, after excitation
at 480 nm. The equation allows the estimation of cell viability after cen-
trifugation experiments. The experimental data are represented as the average
for duplicate experiments ± standard deviation.
A. Molina-Miras, et al. Algal Research 44 (2019) 101677
2
the granular phase, was used to describe the solid-liquid interactions.
The initial cell volume fraction in the suspension was 0.00458, as cal-
culated from the cell diameter and the cell concentration in suspension.
No energy balance was imposed, as isothermal conditions were as-
sumed. The reference for pressure was at the top of the suspension.
Boundary conditions included non-slip conditions at the walls. The
schemes used for spatial discretization were second -order upwind for
momentum, Green-Gauss Node Based for gradient and Modified HRIC
for volume fraction. The SIMPLE scheme with implicit formulation was
chosen for pressure-velocity coupling. All simulations in the present
study were performed in transient mode using a time step of 0.0005 s.
The convergence criteria were checked at every time-step and residuals
for all the variables were fixed at 10−5. An HP Z840 Workstation with
two Intel® Xeon E5-2670 v3 processors running at 2.3 GHz with 128.0
GB RAM and 3 TB × 2 hard disks was used for the simulations [27].
3. Results and discussion
3.1. The approach
Despite the critical relevance of the operating parameters (mainly
hc, tc, and gc) on the output of discontinuous centrifugation, the per-
formance of a centrifugation operation for harvesting microalgae and
other cells or microorganisms is usually expressed in qualitative terms
[28], and a wide variety of centrifugation protocols, with different
suspension heights, times, and centrifugal forces, are used for no spe-
cific reason [29]. Indeed, they are frequently selected arbitrarily as the
same separation can be achieved with different combinations of para-
meters. However, it is widely accepted that the conditions required to
achieve complete cell separation can potentially damage cells, parti-
cularly in the case of shear-sensitive cells. The origin of this cell damage
has been mainly related to hydrodynamic shear forces associated with
the velocity gradients, relative cell-fluid movement during settlement,
and the compressive centrifugal forces to which cells are submitted in
the pellet. As such, the time that cells remain in the pellet, and the g-
force applied, are critical parameters determining cell survival in cen-
trifugation processes. Indeed, the longer the cells remain in the pellet,
the longer the compressive forces act, eventually producing cell damage
[30,31]. It has also been shown that long periods of time in the pellet
may also result in severe cell deterioration or even death due to the
exhaustion of essential nutrients [32].
Despite all the efforts made in the past, quantification of the impact
of varying centrifugation parameters on the performance of cen-
trifugation, especially when fragile biological materials are used, is
currently not possible [31,33]. Nonetheless, a quantitative approach
can provide a deeper insight into centrifugation performance and the
effect on cells. This work uses a new approach to study the influence of
centrifugation parameters on separation efficiency capacity and cell
damage. This approach allows the operating conditions for complete
separation and operating conditions that lead to cell damage to be
determined, thus providing an “operating window” for a specific cell in
a particular centrifuge, as discussed below. This approach uses a di-
mensionless number, namely the centrifugation number (Ce), which is
equivalent to a dimensionless time, to represent the intensity of the





where tc is the centrifugation time and ts is the sedimentation time. If
the time taken for acceleration and deceleration of the rotor is ne-
glected, tc represents the time that the cells are subjected to centrifugal
forces. ts is the time needed to sediment all the cells. tc is an operating
variable and ts can easily be determined from experimental data. If no
experimental ts values are available, a theoretical value of ts can be
estimated from hc and the settling velocity.
According to the theory of particle movement through a fluid, the
terminal settling velocity of a small particle in dilute suspension under
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where v is the sedimentation velocity under gravity, g is the gravita-
tional acceleration, ρS is the density of the particle, ρ is the density of
the fluid, ms is the mass of the particle, A is the projected area of the
particle (the area obtained projecting the particle on a plane perpen-
dicular to the line of flow), and CD is the drag coefficient. In a cen-














where ω is the angular velocity, r is the radius of the centrifuge, and gc
is the g-force, the force developed in a centrifuge relative to the force of








where Ds is the diameter of the particle. The drag coefficient for
spherical particles is a function of the particle Reynolds number Re, and


















known as Stokes’ law.
Hence, for spherical particles in dilute solutions, if no experimental
ts values are available, the theoretical ts can be estimated from hc and
































For non-spherical particles, general Eq. (4) can be used to estimate
sedimentation velocity. Numerous correlations can be found in the
literature to estimate CD for different particles, with one of the most
recent correlations for estimating the average drag coefficient of freely
falling solid non-spherical particles in liquids or gases being proposed
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and
= =F fe 0.263S 1.3
= =F f e 0.191N 2
where e is the elongation (I/L) and f the fatness (S/I). L, I, and S are the
longest, the intermediate, and the shortest length of the particle, re-
spectively; and ρ’ is the particle-to-fluid density ratio. Eq. (11) is based
on dimensional analysis, by normalizing the drag coefficient and par-
ticle Reynolds number, and has been shown to be valid for any particle
shape and any normalized Reynolds number [36].
A high particle concentration negatively affects particle settling
velocity in a suspension, and different models have been proposed over
the past 100 years or so to predict the settling velocity for different
particles in concentrated suspensions [37], although the prediction of
sedimentation times under these conditions remains complicated. In
this scenario, CFD can also be successfully used to predict sedimenta-
tion times. Thus, in this work, the Bagheri and Bonadonna equation
[36] was incorporated into a user-defined function to modify the drag
force in Fluent to estimate the theoretical ts.
As pointed out above, the dimensionless number used in this ap-
proach, Ce, represents the intensity or magnitude of the centrifugation
treatment. If Ce= 1, we have an “ideal treatment” where tc equals ts, all
the cells are separated and the mean time that cells remain in the pellet
approaches 0. If Ce<1, we have a “deficiency of treatment” and not all
the cells sediment. If Ce is> 1, we have an “excess of treatment”. In this
case, all the cells are separated, but the time that the cells remain in the
pellet is> 0 and, if the process lasts too long, it will potentially be
deleterious for cells at some point. This approach provides an “oper-
ating window” for optimal centrifugation of a particular cell-centrifuge
system, as discussed below for three different cells in three different
centrifuges.
3.2. Application to Amphidinium carterae cells
The clarification efficiency for representative g-forces up to 2000×g
used in this work is shown in Fig. 2. As can be seen, the longest time
needed to recover all the cells (15 min) was obtained for the lowest gc
(100×g). As gc increased, the time needed for complete cell separation
decreased, reaching roughly 1 min at 2000×g.
The experimental ts values derived graphically from the data pre-
sented in Fig. 2, as the time needed to reach a separation efficiency of
100% for the different gc values, are shown in Fig. 3.
The values obtained for ts using Eqs. (8) and (4) are also shown in
Fig. 3. As stated above, the application of Stokes’ equation implies
several assumptions for the behavior of the cells, with the most relevant
being: spherical particles, laminar flow, and the particles do not inter-
fere with each other during the settling process. As can be seen from
Fig. 3, Stokes’ equation greatly underestimates sedimentation times and
therefore should not be used to describe sedimentation of A. carterae
cells. Since the calculated Re number reveals that the flow remained in
the laminar region for all experiments (data not shown), this significant
discrepancy between the sedimentation times obtained using Stokes’
equation and the experimental values may be due to the morphology of
the A. carterae cell, which presents the typical shape of the Amphidinium
genus, namely oval in ventral view and dorso-ventrally flattened, with
two flagella, or to the interference of cells with each other during the
settling process.
The morphology of the cells undoubtedly negatively affects sedi-
mentation. As such, to take cell shape into account, the general equa-
tion for terminal velocity (Eq. (4)) with CD obtained from Eq. (11) was
also used to predict settling velocities. It is clear that although Eq. (4)
improves the prediction of Stokes’ equation, predicted ts values are still
about 50% lower than experimental times (see Fig. 3). In this scenario,
CFD was also used to predict ts. Thus, the Bagheri and Bonadonna
equation [36] was incorporated into a user-defined function to modify
the drag force in Fluent.
As can be seen in Fig. 3, CFD provided ts values very close to the
experimental ones. The minor discrepancies observed are probably due
to the lack of precision in the graphical determination of experimental ts
[31]. These results support the use of CFD as a solid and useful tool for
predicting sedimentation times for single-cell suspensions in dis-
continuous centrifugation without the need for experimentation. As
such, CFD was also used to predict ts for g-forces over 2000×g because
settling times over this g-force were below the minimum working time
of the centrifuge (1 min).
Fig. 4a shows the separation efficiency (ηc) and percentage of viable
cells (Vc) versus Ce for all experiments. It can be seen from this figure
that, for Ce<1, ηc increases linearly to reach its highest value (100%)
at a Ce value of 1. For higher Ce values up to 80, ηc remains constant,
subsequently decreasing sharply due to cell rupture for Ce>80. Vc, in
turn, is close to 100% up to a Ce value of 80, whereas for Ce>80, Vc
also decreases sharply due to cell rupture in a similar manner to ηc. In
this scenario, a Ce value of 80 is the “critical Ce” and represents the
maximum magnitude of treatment that A. carterae cells can withstand
in this centrifuge.
These data can be rearranged as shown in Fig. 4b, which shows the
operating window (values of tc and gc) for this cell. All combinations of
tc and gc inside the operating window will give complete cell separation
with no cell damage. For combinations below the line representing
Fig. 2. Centrifugation of A. carterae cells. Influence of centrifugation time (tc)
on the clarification efficiency (ηc) for different centrifugation forces (gc). For
clarity, only experiments up to 2000×g are shown. The experimental data are
represented as the average for duplicate experiments ± standard deviation.
Fig. 3. Influence of gc on sedimentation time (ts) of A. carterae cells.
Experimental times are derived graphically from Fig. 2. Theoretical values of ts
predicted using Eq. (8), Eq. (4), and CFD are also shown.
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Ce= 1, the treatment will be deficient and not all cells will be sepa-
rated. For combinations over the line of Ce= 80, cells will be damaged.
To corroborate the applicability of this approach, a new set of ex-
periments was carried out under different centrifugation conditions.
These experiments are shown in Fig. 4b (points A to G). In experiment A
(400×g, 1 min) a ηc of 90% was obtained, with a Vc of 99%. This ex-
periment represents a deficient treatment and clearly lies outside the
operating window. In experiments B (2000×g, 1 min) and C (2000×g,
5 min), a ηc of 100% with a Vc of 98% and 99%, respectively, was ob-
tained. These two points are clearly inside the operating window and
represent optimal centrifugation conditions. However, in experiment D
(2000×g, 120 min) ηc and Vc decreased to 90% due to cell rupture. This
experiment represents an excessive treatment and is clearly outside the
limits of the operating window. Similar results were obtained in ex-
periments carried out at 12,000×g. Thus, in experiments E (12,000×g,
1 min) and F (12,000×g, 5 min), a ηc of 100% was obtained, with a Vc
of 99% in both cases, whereas in experiment G (12,000×g, 120 min)
both ηc and Vc decreased to 60%.
As noted in Section 2.2, the height of the suspension in the cen-
trifuge tubes was 10.4 cm in all experiments carried out in this work.
According to Eq. (9), if the height of the suspension changes, gc or tc, or
both, have to change in order to keep Ce constant. This implies that a
change in the height of the suspension would produce a displacement of
the operating window to higher or lower values of gc, tc, or both, while
keeping the width of the operating window constant.
To corroborate the applicability of the Ce number approach dis-
cussed above to different cell-centrifuge systems, it was applied to
centrifugation data from the literature for a microalga lacking a cell
wall (Dunaliella salina; [21]) and to the very shear-sensitive Spodoptera
exigua Se301 cell line [31].
3.3. Application to Dunaliella salina cells
Recently, Xu et al. [21] used mechanistic calculations to explore the
potential cell damage that may result due to different forces acting on
Dunaliella salina cells during centrifugation in a benchtop micro-
centrifuge (Eppendorf, model 5415R) using a fixed-angle rotor at dif-
ferent g-forces (from 1000 to 15,000×g) for a fixed time (10 min). The
authors assumed a spherical shape with a diameter of 10 μm for Du-
naliella cells and that Stokes’ law (Eq. 7) was applicable. Calculations
included hydrodynamic stress due to turbulence, viscous drag, hydro-
static pressure exerted on cells at the bottom of the centrifuge tube, the
pressure acting on the cells due to their own mass and the centrifugal
force, and the pressure of the cells in the pellet acting on the cells at the
bottom of the pellet. They concluded that D. salina cell rupture observed
for g-forces over 5000×g was due to the hydrostatic pressure, with the
other forces being considerably lower than those estimated to be re-
quired for cell rupture [21].
To apply the Ce number approach to these experiments, the same
assumptions (spherical cells and Stokes’ law applicable) were applied.
CFD could not be used due to a lack of geometrical data for the cen-
trifuge rotor and centrifuge tube, and the absence of experimental va-
lues for ts. Fig. 5a shows that, with those assumptions, the Ce used in
these experiments were thousands of times higher than that needed for
complete separation of Dunaliella cells (Ce= 1). Indeed, cell rupture,
Fig. 4. Separation efficiency (ηc) and cell viability (Vc) for different cen-
trifugation numbers (Ce) (a), and operating window (b), for A. carterae cells
centrifugation. Ce= 1 is the Ce value for complete cell separation and Ce= 80
is the “critical Ce”, the Ce value above which cell integrity is compromised. The
separation efficiency and cell viability data are represented as the average for
duplicate experiments ± standard deviation. See text for further details.
Fig. 5. Separation efficiency (ηc) and cell viability (Vc) for different cen-
trifugation numbers (Ce) (a), and operating window (b), for centrifugation of D.
salina cells. Ce= 1 is the Ce value for complete cell separation and Ce= 5600
is the “critical Ce”, the Ce value above which cell integrity is compromised. See
text for further details.
A. Molina-Miras, et al. Algal Research 44 (2019) 101677
5
with a sharp decline in Vc, was observed for Ce values over 5600. This
provides a very large operating window, as seen in Fig. 5b. According to
the authors, in the experiment carried out at 3000×g, 100% cell se-
paration, with a Vc of 100%, was obtained. It can be seen from Fig. 5b
that these centrifugation conditions (3000×g, 10 min) are inside the
operating window (point A). The authors point out that the number of
intact cells present in the pellet decreased upon increasing gc above
5000×g. These results are clearly corroborated in Fig. 5b, which shows
that gc = 5000×g and tc = 10 min are in the limit of the operating
window (point B), and that increasing gc over 5000×g is expected to
result in an increasing number of cells being damaged, as observed by
the authors in experiments at gc = 9000×g, where Vc for the pellet
decreased to 60%. As can be seen from Fig. 5b, the combination
9000×g and 10 min clearly lies outside the operating window (point
C).
3.4. Application to Spodoptera exigua cells
In a recent study, Molina-Miras et al. [31] studied the effect of
centrifugation on the Spodoptera exigua Se301 cell line, using the “Ex-
cess of Treatment”, an intensive variable, to predict cell damage. Ex-
periments were carried out using 15 mL Falcon tubes (2.2 cm suspen-
sion height) in a benchtop centrifuge (Sigma, model 4–15 C) using a
swing-out rotor with a maximum radius of 18.2 cm at g-forces ranging
from 20 to 4000×g for different times of up to 45 min. The authors
assumed a spherical shape with a diameter of 18 μm for S. exigua and
Stokes’ law and CFD were used to estimate ts and make a comparison
with experimental values. The results for S. exigua (see Fig. 6) were
similar to those found for A. carterae (Fig. 3). Although the deviation
from Stokes’ equation is less than with A. carterae, this equation un-
derestimated ts, whereas CFD provided ts values similar to the experi-
mental ones. The authors also used CFD to determine the shear stress
magnitude in a conical centrifugation tube, with the highest shear stress
value (7.4 × 10−1 Pa) being obtained at the wall at the bottom of the
tube. This value was well below the breaking shear stress value
(233 Pa) previously found for S. exigua cells in a microfluid flow-con-
centration device [27]. These results clearly show that, under the
conditions used in that study, S. exigua cells were not damaged by the
velocity gradient present in the settling process. These authors con-
cluded that cell damage correlated with long residence times in the
pellet at the bottom of the tube, and with high centrifugal forces. They
were also able to distinguish between mechanical cell damage at high g-
forces and cell damage due to oxygen depletion in the pellet at longer
times [31]. These findings were in accordance with those previously
reported by Peterson et al. [29], who observed that compressive forces
squeezed the cells against the tube wall and defined a “Compaction
Parameter” to determine the fraction of the pellet that was damaged in
a specific centrifugation protocol.
Application of the Ce approach to data for S. exigua cells is shown in
Fig. 7. Fig. 7a shows that ηc increases with Ce to 100% at a Ce value of 1,
remaining constant for higher values of Ce. Severe cell damage, with a
marked decrease in Vc, was observed for Ce values higher than 3.5. This
means that the operating window for this cell type is very narrow, as
can be seen from Fig. 7b and corroborated by the experimental data.
According to the authors, in the experiment carried out at 60×g and
tc = 1 min, the time that the cells were in the pellet was< 0, with a Vc
of 98%. This indicates a deficient treatment, as can be seen in Fig. 7b
(point A). Point B in Fig. 7b represents the experiment at 400×g and
tc = 1 min. According to the authors, in this experiment all cells were
sedimented and the Vc for the cells in the pellet was 98%. This ex-
periment clearly falls within the operating window. However, when the
g-force was increased to 1000×g with tc remaining constant (1 min), a
decrease in cell viability in the pellet to 90% was observed. This ex-
periment is clearly outside the operating window (point C). A similar
result was observed in the experiment at 400×g and tc = 4 min (point
D), with a decrease in Vc to 91% being observed. However, the most
damaging conditions are represented by point E (4000×g,
tc = 16 min), with a decrease in Vc to 60%. Clearly, the selection of gc
and tc in this case is highly critical to obtain complete separation and
avoid cell damage.
4. Conclusions
In this study, Computer Fluid Dynamics has been successfully used
Fig. 6. Influence of gc on sedimentation time (ts) for S. exigua cells.
Experimental times are taken from reference [31]. Theoretical values of ts
predicted with Eq. (8) and CFD are also shown.
Fig. 7. Separation efficiency (ηc) and cell viability (Vc) for different cen-
trifugation numbers (Ce) (a), and operating window (b), for centrifugation of S.
exigua cells. Ce= 1 is the Ce value for a complete cell separation and Ce= 3.5
is the “critical Ce”, the Ce value above which cell integrity is compromised. The
separation efficiency and cell viability data are represented as the average for
duplicate experiments ± standard deviation. See text for further details.
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to simulate and predict the settling time of a single-cell suspension in
discontinuous centrifugation. In addition, the centrifugation number
(Ce) has been used to obtain an operating window for Amphidinium
carterae centrifugation in a discontinuous centrifuge. This approach has
been extrapolated to other cells in benchtop centrifuges and has been
shown to provide an efficient guide for selecting the combination of
critical centrifugation parameters from a cell separation-cell integrity
perspective.
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Abstract
There is growing interest in finding microalgae species that efficiently convert dissolved nutrients contained in aquaculture
effluents into highly valuable biomass. The different nitrogen forms that are present in aquaculture effluents are particularly
concerning. This study demonstrated that the dinoflagellate Amphidinium carterae can acclimate to both combined and sole
nitrogen sources such as nitrate, ammonium, and urea over a wide concentration range. As far as is known, it is the first time that a
species of the genus Amphidinium has been successfully cultured with urea as the sole source of nitrogen. In the presence of
882 μM of nitrate, A. carterae tolerated urea concentrations up to 5000 μM.With respect to ammonium-N tolerance, it has been
observed that it is lethal at concentrations higher than 441μM.A robust laboratory experimental design was critical for accurately
assessing this acclimation. Alternative N sources did not affect the production of high-value specific polyketide secondary
metabolites from A. carterae, such as amphidinols, with an average concentration of 0.435 ± 0.038% biomass d.w. An analysis
of the symbiotic microbial assemblages developed in a long-term A. carterae culture in an open raceway pond, and the fact that it
is able to metabolize all three nitrogen sources simultaneously, supports the idea that this microalga has the potential to be
successfully cultured with aquaculture effluents.
Keywords Dinoflagellate . Amphidinium . Urea . Ammonium . Nitrate . Aquaculture
Introduction
The environmental and social impacts resulting from the aqua-
culture industry have been comprehensively reviewed
(Jegatheesan et al. 2011). In extensive aquaculture systems,
the effluents are rich in nutrients which are highly polluting if
released untreated into the sea. Aquaculture wastewater in-
cludes particulate organic matter, organics, dissolved metabo-
lites such as ammonia, urea, and carbon dioxide, and feed ni-
trogen and phosphorous that has not been retained by the fish.
At much lower proportions, the effluents might also contain
other contaminants such as metals, dioxins, organohalogens,
and agrochemicals (e.g., pesticides, antifungals, disinfectants,
or fertilizers). However, one of the main problems associated
with partially treated or untreated aquaculture effluent being
discharged into natural water bodies is the eutrophication
caused by an excess of nitrogen and phosphorous.
Algal blooms are evidence of eutrophication in coastal wa-
ters. Dinoflagellates, diatoms, raphidophytes, prymnesiophytes,
and silicoflagellates are the microalgae groups reported to be
presumably responsible (Landsberg 2002). This ability of the
microalgae to thrive in eutrophic waters is probably one of the
underlying reasons for their use in studies focused on
microalgae-based effluent re-use and/or treatment systems. In
this regard, the biofloc systems stands out (BFT; Biofloc
Technology) (Wasielesky Jr et al. 2006; Crab et al. 2007;
Marinho et al. 2017). However, BFT has still to overcome
important challenges since its large-scale application is limited
and the effective abatement of the main contaminants is an
unresolved issue. Other microalgae have provided interesting
results in laboratory-scale cultures of freely-suspended cells
(Attasat et al. 2013).
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Interestingly, the incidence of algal blooms in marine envi-
ronments is dominated by dinoflagellates rather than non-
dinoflagellate microalgae (Landsberg 2002). This might be
explained by the fact that most marine dinoflagellates are able
to grow in mixotrophic environments (Burkholder et al.
2008), i.e., they can simultaneously photosynthesize and use
organic sources of carbon for growth and they are able to take
up and store substantial amounts of various N forms
(Dagenais-Bellefeuille and Morse 2013). In general, dinofla-
gellates seem to proliferate more in summer when regenerat-
ed, reduced forms of N make up a large proportion of the
available N pool (Davidson et al. 2012). Mixotrophic con-
sumption of dissolved organic matter (DOM) by dinoflagel-
lates has also been extensively reviewed (Davidson et al.
2012). The mixotrophic growth rates reported are usually
higher than those determined in photoautotrophic cultures.
Laboratory studies have confirmed DOM utilization in the
form of urea by a few marine dinoflagellate species, finding
that urea supported similar growth rates to those using NO3
−
or NH4
+ as the substrate (Solomon et al. 2010).
Nonetheless, as far as we know, dinoflagellates have never
been utilized for the treatment of aquaculture effluents. Only
one study reported the satisfactory use of a marine dinoflagel-
late for municipal wastewater treatment at the laboratory scale
(Ho et al. 2013), but not in aquaculture. It is evident that the
potential of using aquaculture effluent for the cultivation of
marine dinoflagellate microalgae should be explored.
Candidate species may be those having a specific biotechno-
logical significance (Gallardo-Rodríguez et al. 2012). In par-
ticular, Amphidinium carterae is attractive because it produces
interesting compounds (Molina-Miras et al. 2018a, b; Abreu
et al. 2019): (i) the polyunsaturated fatty acids EPA
(eicosapentaenoic acid) and DHA (docosahexaenoic acid),
which have numerous nutraceutical and pharmaceutical appli-
cations; (ii) the carotenoid peridinin, which possesses unique
photophysical properties and can potentially be used in med-
icine as a therapeutic agent against various diseases; and (iii)
polyketide metabolites, which are potently bioactive. Specific
polyketide secondary metabolites from dinoflagellates, such
as amphidinolides and amphidinols (APDs) from A. carterae,
with potent anticancer, antibacterial, and antifungal activities
are particularly attractive and are priority objective of
dinoflagellate-based bioprocess. Recent studies have ad-
dressed the challenge that arises from recovering the largest
amount of the relatively minor metabolites (APDs) while min-
imizing the loss of other valuable by-products (López-
Rodríguez et al. 2019). Moreover, A. carterae has been suc-
cessfully cultured in pilot-scale photobioreactors in photoau-
totrophic nutritional mode (Molina-Miras et al. 2018a, b).
Different combinations of cell transporters acting on the
nitrogen sources present in aquaculture effluent, each with
their own particular kinetics and levels of expression and ac-
tivity, may operate simultaneously in microalgae, particularly
in dinoflagellates (Dagenais-Bellefeuille andMorse 2013). As
a result, the large intra- and inter-specific variability of the
kinetic parameter values reported in the literature may be par-
tially justified. However, another source of variability might
be associated with the experimental design and, particularly,
with the culture timescale. Kinetic parameter values in the
same dinoflagellate strain can vary from short-term to long-
term experiments by more than one order of magnitude
(Harrison 1976; Collos et al. 2007). There is a need for better
designed laboratory experiments to reduce variability caused
by acclimation. The acclimation of some non-dinoflagellate
microalgae to a nitrogen source might take at least one culti-
vation before consistent μmax can be determined for compar-
ative purposes (Podevin et al. 2015). Appropriately evaluating
acclimation to new culture conditions is essential for deter-
mining a microalga’s preference to a specific culture medium,
particularly in the case of macronutrients.
Consequently, this work aims to assess and compare the
kinetic parameters of the marine dinoflagellate A. carterae on
different dissolved inorganic (NO3
− and NH4
+) and organic
(urea) nitrogen sources. These N forms are usually present in
aquaculture effluents at varying concentrations. Experiments
were carried out in batch cultures of freely suspended cells.
The initial concentrations of urea-N and ammonium-N in the
culture medium varied from 0 to 5000 μM, while nitrate-N
were between 0 and 1764 μM. The acclimation response of
the cells to each combination of assayed N-forms and concen-
trations was evaluated by repeated subcultivation. The pro-
duction of APDs was determined in cultures that attained ac-
climation in the most important kinetic parameters.
The potential application of A. carterae in the treatment of
marine aquaculture effluents was analyzed based on its ability
to (i) remove the nitrogen and phosphorous dissolved in a
culture medium and (ii) form an associated bacterial commu-
nity during long-term culture in a pilot-scale open raceway
pond (ORP) (nitrate was used as the nitrogen source).
Materials and methods
The microalga
The marine dinoflagellate Amphidinium carterae (strain
Dn241 EHU) obtained from the Culture Collection of the
Plant Biology and Ecology Department of the University of
the Basque Country was used. Inocula were grown in flasks at
21 ± 1 °C placed in a thermostated chamber under a 12:12 h
light–dark cycle. Four 58-W fluorescent lamps were used for
illumination, and the irradiance at the surface of the culture
flasks was 60 μmol photons m−2 s−1. The f/2 medium, pre-
pared with filter-sterilized (0.22 μmMillipore filter; Millipore
Corporation, USA) Mediterranean seawater was used both for
inocula maintenance and as the basis for the experiments. The
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f/2 medium composition was as follows (Guillard 1975):
NaNO3, 882 μM; NaH2PO4.H2O, 36.2 μM; Na2SiO3.9H2O,
106 μM; FeCl3.6H2O, 11.7 μM; Na2EDTA.2H2O, 11.7 μM;
CuSO4.5H2O, 0.04 μM; Na2MoO4.2H2O, 0.03 μM;
ZnSO4.7H2O, 0.08 μM; CoCl2 .6H2O, 0.04 μM;
MnCl2.4H20, 0.9 μM; thiamine, 0.3 μM; biotin, 2.1 nM;
B12, 0.37 nM. The f/2 medium has a N:P molar ratio of 24.
Growth experiments
The influence of both the nitrogen source and its concentration
on the A. carterae culture was investigated as described be-
low. Experiments consisted of static batch cultures conducted
in vertically arranged T-flasks (ref. 169900 Nunc, EasYFlask
25 cm2, Thermo Fisher Scientific) with a 50 mL working
volume, equivalent to a 4.7 cm culture height. The lighting
system used was similar to that described by Molina-Miras
et al. (2018b) for photoacclimation experiments. In this de-
vice, the light source was multicolored light emission diodes
(LEDs). Parallel LED strips were attached to a flat reflective
plastic (PVC) cover, and the T-flasks were arranged vertically
in front of them. The illumination system provided a mean
irradiance of 400 μmol photons m−2 s−1 measured on the T-
flask surface facing the LEDs. A 12 h/12 h light/dark (L/D)
cycle was set. The culture system was placed in a thermostatic
room at 20 ± 1 °C. The cells to be used in the experiments
were pre-photoacclimated to this illumination regime.
Fifteen media were prepared changing both the nitrogen
source and its concentration in the basal f/2 medium
formulation. Sodium nitrate (NaNO3) and ammonium chloride
(NH4Cl) were tested as inorganic nitrogen sources and urea
(CH4N2O) as an organic source. The combinations of the nitro-
gen sources and the concentration levels are detailed in Table 1.
Since the basal phosphate concentration in the f/2 medium
(36 μM) has been shown to limit growth in A. carterae cultures
(Molina-Miras et al. 2018a), excess phosphate was added in all
the experiments (181 μM; five times the original f/2 medium
concentration). Thus, the control medium (CTRL) contained
882 μM of nitrate-N and 181 μM of phosphate-P (a N:P molar
ratio of 5). The assays, summarized in Table 1, allowed us to
assess the effect of (i) each of the three nitrogen sources indi-
vidually (experiments 1–3; coded as CTRL, URE, and AMO,
respectively); (ii) increasing urea concentrations (experiments 1
and 3–7) (coded as URE and URE1–4, respectively); (iii) in-
creasing concentrations of NH4Cl (experiments 1, and 8–11;
coded as AMO and AMO1–4, respectively)—both (ii) and
(iii) were in the presence of 882 μM of nitrate-N; and (iv) the
simultaneous presence of the three nitrogen sources at different
concentrations (experiments 12–15; coded as NUE1–4). Most
of the concentrations in each of the combinations detailed in the
Table 1 significantly exceeded those reported in typical aqua-
culture effluents as will be discussed in the “Potential use of
marine aquaculture effluents to culture A. carterae” section.
The cultures were inoculated with cells in linear growth phase.
The initial cell concentration in the freshly inoculated T-flasks
was around 4.5 ± 1.5 × 104 cells mL−1. Each experiment was
conducted in duplicate. To study the cellular acclimation to
each of the culture medium compositions assayed, the entire
Table 1 Summary of the experimental design assayed. The nitrogen
concentrations correspond to those established in the culture medium at
the beginning of each culture. All experiments were performed at an
initial phosphate concentration of 181 μM in the culture medium. The
NT column represents the total nitrogen concentration provided from all
the nitrogen sources




1 CTRL 882 0 0 12
2 AMO 0 0 882 12
3 URE 0 882 0 12
4 URE1 882 1000 0 26
5 URE2 882 2000 0 40
6 URE3 882 3500 0 61
7 URE4 882 5000 0 82
8 AMO1 882 0 1000 26
9 AMO2 882 0 2000 40
10 AMO3 882 0 3500 61
11 AMO4 882 0 5000 82
12 NUA1 441 441 1000 26
13 NUA2 882 1125 882 40
14 NUA3 1764 2150 441 61
15 NUA4 882 882 110 26
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experimental design of Table 1 was repeated three times, i.e.,
three subcultures were performed in each experiment (this in-
volved 78 batch culture experiments in total). Cells grown in
any given formulation (shown in Table 1) in the first
subcultivation were transferred to the same freshly prepared
medium and subcultured again in a second batch culture; the
cells obtained were then finally subcultured in a third
subcultivation. For this, a culture fraction was transferred to a
fresh growth medium.
The initial pH for all the cultures was fixed at 8 using
0.1 M HCl or 0.1 M NaOH. The pH of the culture is par-
ticularly relevant for the assays with NH4Cl (experiments 2
and 8–15 in Table 1). Ammonium and urea were added
aseptically after autoclaving the culture medium to avoid
the evaporation of either (Harisson and Berges 2005). At a
seawater pH of 8.0 at 20 °C, only around 10% of the total
ammonia is present as the more toxic form, ammonia (NH3)
(Spotte and Adams 1983). Since most of the initial total
nitrogen at 8 pH (close to 90%) was present as NH4
+, ni-
trogen from NH4Cl would be referred to NH4
+-N or
ammonium-N indistinctly, even though both ammonia and
ammonium were present at the initial fixed pH. The pH was
allowed to evolve freely in all the cultures.
Analytical measurements
Using samples taken throughout the culture, the biomass dry
weight was determined as described previously (Molina-
Miras et al. 2018b). All the analyses were performed in tripli-
cate. In this way, a biomass concentration calibration curve,
expressed as dry weight CbB
 
versus optical density at 720 nm
(OD720), was determined (ðCbB (g L−1) = 1.038 × OD720; r2 =
0.938; n = 66).CbB was also found to linearly correlate with the
average cell biovolume (Vc) of the sample (ðCbB (g L−1) =
0.173×CcB ×Vc; r
2 = 0.900; n = 66), where CcB was the cell
number concentration. Both calibration curves confirmed pre-
vious predictions (Molina-Miras et al. 2018a). The maximum
photochemical yield of photosystem II (FV/FM) was deter-
mined using a pulse amplitude modulation (PAM) chlorophyll
fluorometer (Mini-PAM-2500; Heinz Walz GmbH,
Germany), as described previously (López-Rosales et al.
2015). The FV/FM value, which is the ratio between the max-
imum variable fluorescence (FV) and the maximum fluores-
cence (FM) of chlorophyll, is universally considered as an
indicator of microalgal cell stress.
Concentrations of the three N-sources and phosphorous in
the supernatants obtained at the end of each subcultivation were
determined as follows. Nitrate nitrogen (Nitrate-N) was mea-
sured using the spectrophotometric methods 4500-P and 4500-
N for examination of water published by the American Public
Health Association (APHA 1995). Ammonium nitrogen
(NH4
+-N) was measured colorimetrically using Nessler’s
method (protocol D1426-08 proposed by the American
Society for Testing and Materials (ASTM 2008)). The generat-
ed color from samples and ammonium sulfate standards were
measured at 410 nm. Total phosphorus (PT) and nitrogen (NT)
in supernatants weremeasured according to the protocols 4500-
P and 4500-N, respectively, proposed by the APHA (1995), as
reported elsewhere (Molina-Miras et al. 2018b). Urea nitrogen
(Urea-N) was estimated using the following balance: Urea-N =
NT − (Nitrate-N + NH4+-N). Measurements were carried out in
duplicate samples and the average value was used.
To evaluate possible stoichiometric limitations resulting
from the medium supply and elemental balancing, the bio-
mass elemental composition was determined as described ear-
lier (Molina-Miras et al. 2018b). Only atoms bound in the
main macromolecules (C, O, N, H, S, P) were taken into
account. NOCHSP analysis was carried out for the biomass
harvested at the end of the subcultivations.
Hemolytic activity and amphidinol quantification
Amphidinium carterae (strain Dn241EHU) contains at least
two members of the amphidinol family, namely amphidinol
A and its 7-sulfate derivative amphidinol B (Abreu et al.
2019). Their titers were firstly expressed in terms of pg sapo-
nin per A. carterae cell, the so-called equivalent saponin po-
tency (ESP), as described earlier (López-Rosales et al. 2015).
The percentage of APDs in the biomass was determined from
the following equation based on principles of quantitative nu-








MAPDs  100 ð1Þ
where IR is the NMR signal intensity of the reference com-
pound, IAPDs is the NMR signal intensity of the APDs spectra,
nR are the number of mols of reference standard used in the
determinations, MAPDs is the average molecular weight of
amphidinols A and B (g mol−1), and mb is the mass of dried
biomass in the sample (g). The above parameters were deter-
mined as detailed earlier (Abreu et al. 2019). The values of
IAPDs for the dried biomass obtained from several treatments
of Table 1 were estimated from a correlation previously de-
veloped (Abreu et al. 2019):
IAPDs ¼ ESP−122:680:0002 ð2Þ
This correlation is only valid for this A. carterae strain and




Flow cytometry was used to quantify the following: cell num-
ber concentration (CcBÞ; the average equivalent cell diameter
(De); the side scatter (SS) related to cell composition and com-
plexity; and the average autofluorescence intensity at speci-
fied wavelengths (López-Rosales et al. 2016). Five measure-
ments were performed per sample and an average value was
used. Cell volume (Vc) was calculated as πD3e=6.
Fluorescence was measured using three photomultiplier tubes:
FL1 (525 nm band-pass (BP)), FL2 (575 nm BP), and FL3
(670 nm long-pass). All flow cytometric measurements used a
CellLabQuanta SC flow cytometer (Beckman Coulter Inc.,
USA) equipped with an argon-ion excitation laser (blue light,
488 nm). At least 60,000 cells were analyzed per sample. The
flow rate was kept at a moderate setting (data rate = 600
events s−1) to prevent interference between cells.
The autofluorescence of native pigments and the morphol-
ogy of microalgal cells are accurate parameters to track the
acclimation of cells to new, particular culture environments
(Chen et al. 2017). These cell responses are closely related
to the content and distribution of pigment in cells. Thus, the
cells were illuminated in the flow cytometer with a 488 nm
argon laser light and the mean fluorescence intensities were
measured in the three different wavelength ranges
(photomultiplier detectors FL1, FL2 and FL3) in such a way
that each range was characteristic of a group of pigments. The
intensity of the fluorescence signals (FL1,2,3) are determined
by the pigment quantity and profile contained in the cell
(Hyka et al. 2013). The fluorescence detected by FL3 and
FL1-FL2 can be used as a proxy for monitoring the chloro-
phyll and carotenoid content, respectively, when excited at
488 nm (Chen et al. 2017). Recently, mathematical relation-
ships between the cell pigment content or the effective cell
attenuation cross-section and the FL1,2,3, and SS measure-
ments have been reported (Chen et al. 2017; López-Rosales
et al. 2016). For comparison purposes, FL1,2,3 intensities
were expressed relative to average cell volume (Vc).
Kinetic parameters
The dimensionless cell concentration CcB=C
c
Bo versus time (t)
data was fitted to the following asymmetric logistic equation




1þ exp − t−c
d
  ð3Þ
where a, b, c, and d are fit constants. The cell-specific growth
rateμ (day−1) was calculated using the best fit curve of Eq. (3);
thus,






The maximum specific growth rate, μmax (day
−1), was de-
termined using the curve obtained from the fit in Eq. (4) to the
experimental data. The global cell PcB tð Þ and biomass PbB tð Þ
productivities, at a given culture time, t, were calculated as
follows:








The maximum values PcBmax and P
b
Bmax were determined
from Eqs. (5) and (6).
Removal efficiencies of dissolved inorganic nitrogen
(DIN), ΓN, and the dissolved inorganic phosphorous (DIP),
ΓP, were calculated as follows:
ΓN %ð Þ ¼ DINo–DINf
 
=DINo  100 ð7Þ
ΓP %ð Þ ¼ DIPo–DIPf
 
=DIPo  100 ð8Þ
The superscripts o and f represent DIN at the beginning and at
the end of the culture, respectively. Equation (7) was applied
to each nitrogen source and total nitrogen used in every treat-
ment (i.e., Nitrate-N, Urea-N, NH4
+-N, and NT).
Determination of the bacterial flora of A. carterae
in a long-term ORP culture
The potential use of marine aquaculture effluents for large-
scale cultivation of any microalga also requires that selected
microalga is able to develop symbiotic microbial assemblages
in long-term unialgal cultures because microalgal-bacterial
consortiums are inevitable phenomena when using aquacul-
ture effluents (Milhazes-Cunha and Otero 2017). To evaluate
this, we used biomass produced in a previous study with an
open raceway photobioreactor (ORP) and using nitrate as the
N source (Molina-Miras et al. 2018a). The biomass sample
was harvested after 260 days of uninterrupted culture. Thus,
10 mL of culture were centrifuged at 2500×g for 5 min at
room temperature. The pellet was resuspended in 1 mL of
nuclease-free water and re-centrifuged under the same condi-
tions. Total genomic DNA was extracted from the pelleted
microalgae using the Soil DNA Isolation Plus Kit (Norgen
Biotek Corp.) and quantified with the Qubit dsDNA HS
Assay Kit (Molecular Probes). Metagenomics analyses were
performed on a MiSeq equipment of the Illumina massive
sequencing platform, based on the reversible terminators
method of the DNA polymerization reaction, using fluores-
cently labeled nucleotide analogues. In the preparation of the
library, two pairs of primers designed against V3 and V4
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hypervariable regions of 16S rRNA gene were used.
Subsequently a series of raw sequence data was generated.
Finally, a basic 16S-based characterization of bacterial popu-
lation was carried out. For the identification and classification
of the different taxonomic levels, the DNA sequences were
confronted with the GreenGenes database (released by the
Greengenes Database Consortium). The algorithm used to
classify each sequence is the RDP -Ribosome Database
Project-. The accuracy required for each sequence to be clas-
sified at a given taxonomic level ranged from the 98.24% to
assign a species to 100% for a sequence to be classified at the
kingdom, phylum, or class level.
Statistical analyses
One-way ANOVA followed by a post hoc test (Duncan’s test)
was performed to determine if there were differences between
conditions, i.e., effect of the treatments described in Table 1
and subcultivation within a same treatment. ANOVAs were
made with the software Statgraphics Centurion XVIII
(StatPoint, Herndon, VA, USA). For the majority of the re-





Fv/Fm, FL1, FL2, FL3, and SS), the assumptions of normal
distribution (Shapiro-Wilk’s test) and homogeneity of the var-
iance (Bartlett’s test) were not violated. In a few cases they
were not met, so that the data were log-transformed and va-
lidity was assessed. Statistically significant differences in the
mean response among the treatments or subcultivations were
fixed at a 5.0% significance level threshold (p value < 0.05).
The method used to discriminate between the means at the
95.0% confidence level was Fisher’s least significant differ-
ence (LSD) procedure. The nonlinear regressions to fit data to
the Eq. (3) were performed with the same software.
Results and discussion
Kinetic parameters in the acclimation process
After carbon, nitrogen is the second most relevant nutrient
consumed by microalga. In natural marine habitats, a wide
variety of nitrogen compounds with different oxidation states
are accessible to and used by microalgae (e.g., nitrate, nitrite,
ammonium, urea, amino acids, proteins, etc.). Microalgae
have evolved highly efficient pathways for obtaining and con-
suming nitrogen nutrients from the surrounding environment
where they are found in very diluted forms. These pathways
are based on enzyme-mediated series-parallel processes that,
in general, obey Michaelis-Menten kinetics and control the
overall cell growth. The kinetic parameter values derived from
the growth response are usually obtained in laboratory batch
culture experiments where the species used have previously
been maintained for weeks, months or years under unaltered
environmental conditions (i.e., the culture medium composi-
tion, growth mode, temperature, irradiance, etc.).
Microalgae cultivation studies concerning the use of inocula
acclimated to specific conditions that are different from those
prevailing in the photobioreactor culture (e.g., under modified
culture medium compositions) are abundant in the literature.
Consequently, the cells might undergo a process of acclimation
on a species-dependent timescale, the impact on the growth
dynamics being a function of the magnitude and direction of
the shifts performed (e.g., the type of illumination, the nutrient
source and the concentration level, etc.) (Voltolina et al. 1998;
García-Camacho et al. 2012). However, the basic kinetic pa-
rameter values are still reported without ensuring acclimated
cell responses. As a result, it is common to find different growth
curves and kinetic parameters reported for the same species
grown under similar conditions in different laboratories.
In this work, the acclimation of A. carterae to different
nitrogen sources and initial concentrations of nitrogen was
studied (see the “Growth experiments” sect ion).
Amphidinium carterae had been previously maintained over
a long period (> 1 year) in f/2 medium (with 882 μMNO3
−-N
as the sole nitrogen source). The following kinetic parameters,
typically reported in microalgae culture studies, were consid-




Bmax, FV/FM, FL1, FL2, FL3, and SS.
Accordingly, in a first set of experiments (subculture 1), the
cells from the original inoculum were cultured in the T-flasks
in batch mode with different nitrogen sources and concentra-
tions, as described in Table 1. The cells grown in each culture
medium formulation were then subcultured (i.e., a culture
fractionwas transferred to a fresh growthmedium) in the same
medium two more times. The evolution of the CcB=C
c
Bo exper-
imental values over the time course was obtained for each T-
flask culture. The kinetic parameter values determined from
the growth curves are displayed in Tables 2, 3, 4, and 6. To
analyze the effect of the factors involved (subcultivation and
treatment) on the variability of the kinetic parameters for each
experiment in Table 1, one-way ANOVAs were carried out as
explained in the “Kinetic parameters” section. The effect of
the subcultivation factor are also shown in Tables 2, 3, 4, and 6
(values denoted by a different superscript lowercase letter at
each mean value differ significantly at p < 0.05). The
subcultivation had a statistically significant effect on several
kinetic parameters. This effect was a function of the N source
and the concentration. Arrows representing the direction of
shift of each kinetic parameter are included in Tables 2, 3,
and 4. The results are discussed in the sections below.
Acclimation to nitrate
As expected, the kinetic parameters for A. caterae grown in
the control (CTRL in Table 2) did not vary (p < 0.05) between
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subcultivations; being in line with a pre-acclimated inoculum
of the same culture medium composition at a 882μMNO3
−-N
concentration. The Fv/Fm value did not change significantly,
with an average value of 0.51 ± 0.02 by the end of the third
subcultivation. Although the cells were healthy, this value was
almost 20% below that reported for A. carterae grown in
Table 2 Progress of the acclimation of Amphidinium carterae to
different sole nitrogen sources (nitrate, ammonium and urea) over three
subcultivations (1, 2, and 3). Experiments CTRL, AMO, and UREA are
coded in Table 1. The kinetic parameters were measured in broth samples
extracted at the end of every subculture. Data points are the averages
along with their standard deviation for duplicate cultures. Values
denoted by a different lowercase letter at each point for the same kinetic
parameter, differ significantly at p < 0.05 in the one-way ANOVA (de-
grees of freedom = 5). Column T represents the direction of shift of each
kinetic parameter in the acclimation process.Vc average cell volume, μmax
maximum specific growth rate, CcBmax maximum cell concentration,
CbBmax maximum biomass concentration expressed as dry weight, P
c
Bmax
maximum cell productivity, PbBmax maximum biomass productivity
expressed as dry weight, Fv/Fm maximum photochemical yield of photo-
system II, FL1,2,3 cell fluorescence intensities measured by the
photomultiplier detectors FL1, FL2, and FL3 in the flow cytometer, SS
cell side scatter
Parameter CTRL
1 2 3 T
VC (×10
3), μm3 1.39 ± 0.23 a 1.30 ± 0.05 a 1.52 ± 0.17 a ↔
μmax, day
−1 0.40 ± 0.11 a 0.32 ± 0.07 a 0.35 ± 0.05 a ↔
CcBmax (× 10
5), cells mL−1 5.44 ± 1.18 a 5.54 ± 0.21 a 3.89 ± 0.22 a ↔
PcBmax (× 10
4), cells mL−1 day−1 5.88 ± 1.23 a 5.40 ± 0.32 a 3.55 ± 0.22 a ↔
CbBmax, g L
−1 0.11 ± 0.02 a 0.12 ± 0.00 a 0.10 ± 0.01 a ↔
PbBmax (× 10
−2), g L−1 day−1 1.22 ± 0.20 a 1.18 ± 0.01 a 1.00 ± 0.08 a ↔
Fv/Fm 0.55 ± 0.04 a 0.50 ± 0.04 a 0.50 ± 0.09 a ↔
FL1 (× 10−3), a.u. μm−3 14.37 ± 0.61 a 15.09 ± 0.81 a 18.10 ± 1.24 a ↔
FL2 (× 10−3), a.u. μm−3 9.26 ± 0.07 a 10.85 ± 0.05 a 15.72 ± 2.88 a ↔
FL3 (× 10−3), a.u. μm−3 9.62 ± 0.21 a,b 8.35 ± 0.38 b 11.11 ± 0.87 a ↔
SS 4.18 ± 0.09 a 4.21 ± 0.10 a 4.46 ± 0.18 a ↔
Parameter AMO
1 2 3 T
VC (× 10
3), μm3 1.60 ± 0.68 b 2.14 ± 0.45 a,b 3.08 ± 0.05 a ↑
μmax, day
−1 0.42 ± 0.08 b 0.67 ± 0.05 b − 0.29 ± 0.01 a ↓
CcBmax (× 10
5), cells mL−1 4.42 ± 0.33 c 2.07 ± 0.35 b 0.04 ± 0.00 a ↓
PcBmax (× 10
4), cells mL−1 day−1 4.40 ± 0.40 c 1.70 ± 0.23 b − 0.15 ± 0.01 a ↓
CbBmax, g L
−1 0.12 ± 0.02 c 0.07 ± 0.00 b < 0.01 ± 0.00 a ↓
PbBmax (× 10
−2), g L−1 day−1 1.31 ± 0.21 c 0.74 ± 0.05 b − 0.02 ± 0.00 a ↓
Fv/Fm 0.54 ± 0.04 b 0.47 ± 0.08 a,b 0.18 ± 0.04 a ↓
FL1 (× 10−3), a.u. μm−3 8.45 ± 1.54 b 13.55 ± 2.51 b 118.93 ± 0.61 a ↑
FL2 (× 10−3), a.u.μm−3 5.15 ± 1.19 b 5.80 ± 0.74 b 86.97 ± 1.30 a ↑
FL3 (× 10−3), a.u.μm−3 3.88 ± 0.39 b 8.01 ± 1.05 b 34.66 ± 2.75 a ↑
SS 4.39 ± 0.13 c 5.78 ± 0.07 b 14.19 ± 0.29 a ↑
Parameter URE
1 2 3 T
VC (× 10
3), μm3 1.61 ± 0.16 b 1.78 ± 0.07 b 2.91 ± 0.07 a ↑
μmax, day
−1 0.52 ± 0.16 a 0.49 ± 0.09 a 0.38 ± 0.07 a ↔
CcBmax (× 10
5), cells mL−1 4.15 ± 0.29 b 2.17 ± 0.23 a 1.20 ± 0.15 a ↓
PcBmax (× 10
4), cells mL−1 day−1 3.95 ± 0.25 b 1.90 ± 0.38 a 0.95 ± 0.19 a ↓
CbBmax, g L
−1 0.12 ± 0.01 b 0.07 ± 0.01 a 0.06 ± 0.01 a ↓
PbBmax (× 10
−2), g L−1 day−1 1.29 ± 0.12 b 0.63 ± 0.15 a 0.62 ± 0.08 a ↓
Fv/Fm 0.59 ± 0.03 b 0.59 ± 0.04 b 0.65 ± 0.02 a ↑
FL1 (×10−3), a.u. μm−3 9.37 ± 0.65 b 6.76 ± 0.84 a,b 5.16 ± 0.51 a ↓
FL2 (×10−3), a.u. μm−3 5.69 ± 0.61 b 3.11 ± 0.99 a,b 1.63 ± 0.38 a ↓
FL3 (×10−3), a.u. μm−3 3.48 ± 0.54 b 2.23 ± 0.21 a 1.56 ± 0.00 a ↓
SS 4.23 ± 0.33 a 4.76 ± 0.34 a 5.05 ± 0.10 a ↔
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photobioreactors (Molina-Miras et al . 2018a, b).
Amphidinium carterae has already demonstrated excellent tol-
erance to nitrate, enduring NO3
−-N levels as high as 2646 μM
(equivalent to f/2 × 3) in PBR cultures and f/2 × 8 in flasks
(Dixon and Syrett 1988a; Molina-Miras et al. 2018a, b). The
mechanisms facilitating this tolerance are still unknown al-
though luxury nitrogen uptake under excess nitrogen condi-
tions may be feasible. For example, the dinoflagellate
Protoceratium reticulatum is able to accumulate significant
amounts of intracellular nitrate in culture media with nitrate
levels as high as 8820 μM without it affecting the specific
growth rate (Gallardo-Rodríguez et al. 2009). Protoceratium
reticulatum actively transported nitrate against the driving
force towards the cell’s interior (Gallardo-Rodríguez et al.
2009). Consistent with this, several previous studies on vari-
ous microalgae have demonstrated the versatility of
dinoflagellates in acquiring nitrogen nutrients by possessing
a wide range of uptake transporters and assimilation enzymes
for different forms of nitrogen (Dagenais-Bellefeuille and
Morse 2013; Zhuang et al. 2015; Jing et al. 2017). These
transporters can continue to operate in a nitrate-repleted me-
dium. Some non-dinoflagellate microalgae can tolerate nitrate
concentrations up to 100 mM (Jeanfils et al. 1993).
Acclimation to ammonium
The results from the first subculture in the AMO experiment
were similar to the CTRL. Acclimation was not observed in
any of the kinetic parameters (p < 0.05) (see Table 2).
However, NH4
+-N-related toxicity became evident from sub-
culture 2. By the end of the third subculture, there were hardly
any intact cells (CcBmax <5000 cells mL
−1). The slow cell decay
Table 3 Progress of the acclimation of Amphidinium carterae to
different urea concentrations in presence of 882 μM nitrate through
three subcultivations (1, 2, and 3). Experiments URE1 to URE4 are
coded in Table 1. The kinetic parameters were measured in broth
samples taken at the end of every subculture. Data points are averages
along with their standard deviation for duplicate cultures. Values denoted
by a different lowercase letter at each point, for the same kinetic
parameter, differ significantly at p < 0.05 in one-way ANOVA (degrees
of freedom = 5). The T column represents the direction of shift of every
kinetic parameter in the acclimation process.Vc average cell volume, μmax
maximum specific growth rate, CcBmax maximum cell concentration,
CbBmax maximum biomass concentration expressed as dry weight, P
c
Bmax
maximum cell productivity, PbBmax maximum biomass productivity
expressed as dry weight, Fv/Fm maximum photochemical yield of photo-
system II, FL1,2,3 cell fluorescence intensities measured by the
photomultiplier detectors FL1, FL2, and FL3 of the flow cytometer, SS
side scatter of the cells
Parameter URE1 URE2
1 2 3 T 1 2 3 T
VC (×10
3), μm3 1.19 ± 0.17 a 1.24 ± 0.08 a 1.35 ± 0.06 a ↔ 1.24 ± 0.26 a 1.22 ± 0.09 a 1.46 ± 0.15 a ↔
μmax, day
−1 0.38 ± 0.00 a 0.27 ± 0.03 a 0.35 ± 0.09 a ↔ 0.39 ± 0.10 a 0.30 ± 0.05 a 0.39 ± 0.03 a ↔
CcBmax (× 10
5), cells mL−1 6.05 ± 0.52 b 5.11 ± 0.22 a,b 3.75 ± 0.20 a ↓ 5.25 ± 0.78 b 5.20 ± 0.27 b 3.54 ± 0.19 a ↓
PcBmax (× 10
4), cells mL−1 day−1 6.23 ± 0.41 b 4.95 ± 0.31 a,b 3.53 ± 0.21 a ↓ 5.36 ± 1.04 b 5.27 ± 0.25 b 3.29 ± 0.24 a ↓
CbBmax, g L
−1 0.12 ± 0.01 b 0.11 ± 0.01 a,b 0.09 ± 0.00 a ↓ 0.11 ± 0.01 b 0.11 ± 0.00 b 0.09 ± 0.00 a ↓
PbBmax (× 10
−2), g L−1 day−1 1.25 ± 0.12 b 1.04 ± 0.18 a,b 0.86 ± 0.01 a ↓ 1.16 ± 0.05 b 1.11 ± 0.02 b 0.88 ± 0.06 a ↓
Fv/Fm 0.44 ± 0.01 a 0.48 ± 0.04 a 0.56 ± 0.09 a ↔ 0.52 ± 0.06 a 0.48 ± 0.04 a 0.56 ± 0.02 a ↔
FL1 (× 10−3), a.u. μm−3 11.87 ± 0.65 b 16.87 ± 1.51 a 18.12 ± 0.33 a ↑ 11.97 ± 0.55 b 16.82 ± 0.87 a,b 18.05 ± 1.53 a ↑
FL2 (× 10−3), a.u. μm−3 7.03 ± 1.41 b 13.18 ± 0.03 a 14.55 ± 1.04 a ↑ 6.37 ± 0.65 b 11.35 ± 0.40 a,b 14.91 ± 3.00 a ↑
FL3 (× 10−3), a.u. μm−3 8.31 ± 0.11 a 6.41 ± 0.76 b 8.51 ± 0.58 a ↑ 9.03 ± 1.17 a,b 7.44 ± 0.56 b 9.47 ± 0.38 a ↑
SS 4.22 ± 0.01 a 4.19 ± 0.28 a 4.39 ± 0.11 a ↔ 4.90 ± 0.20 a 4.87 ± 0.09 a 4.89 ± 0.21 a ↔
Parameter URE3 URE4
1 2 3 T 1 2 3 T
VC (× 10
3), μm3 1.13 ± 0.43 a 1.20 ± 0.02 a 1.51 ± 0.26 a ↔ 1.04 ± 0.23 b 1.47 ± 0.30 a,b 1.85 ± 0.00 a ↑
μmax, day
−1 0.45 ± 0.02 b 0.28 ± 0.02 a 0.39 ± 0.06 a,b ↔ 0.61 ± 0.13 a 0.70 ± 0.03 a 0.56 ± 0.00 a ↔
CcBmax (× 10
5), cells mL−1 6.03 ± 1.77 a,b 7.27 ± 0.64 b 4.01 ± 0.83 a ↓ 3.43 ± 0.63 a,b 4.86 ± 0.00 b 2.35 ± 0.05 a ↓
PcBmax (× 10
4), cells mL−1 day−1 6.20 ± 2.08 b 5.27 ± 0.25 b 3.29 ± 0.24 a ↓ 3.39 ± 0.93 a,b 5.15 ± 0.06 b 2.16 ± 0.00 a ↓
CbBmax, g L
−1 0.11 ± 0.01 a,b 0.15 ± 0.01 b 0.10 ± 0.00 a ↓ 0.06 ± 0.01 a 0.11 ± 0.03 b 0.07 ± 0.00 a ↓
PbBmax (× 10
−2), g L−1 day−1 1.16 ± 0.10 b 1.11 ± 0.02 b 0.88 ± 0.06 a ↓ 0.61 ± 0.00 a 1.24 ± 0.38 b 0.76 ± 0.01 a ↓
Fv/Fm 0.51 ± 0.03 a 0.48 ± 0.07 a 0.56 ± 0.09 a ↔ 0.51 ± 0.05 a 0.43 ± 0.04 b 0.53 ± 0.02 a ↑
FL1 (× 10−3), a.u. μm−3 15.25 ± 0.21 a,b 13.03 ± 0.38 b 17.97 ± 0.96 a ↑ 19.14 ± 2.26 b 12.63 ± 1.84 a 17.18 ± 0.24 a,b ↔
FL2 (× 10−3), a.u. μm−3 7.63 ± 2.02 b 7.32 ± 0.92 b 13.70 ± 0.80 a ↑ 9.79 ± 0.99 a,b 7.78 ± 0.06 b 10.99 ± 0.45 a ↑
FL3 (× 10−3), a.u. μm−3 15.62 ± 1.47 a 13.74 ± 0.41 a 14.96 ± 0.83 a ↔ 13.04 ± 1.71 b 6.61 ± 0.72 a 8.65 ± 0.46 a ↓
SS 4.98 ± 0.08 a 4.61 ± 0.17 a 5.01 ± 0.31 a ↔ 6.69 ± 0.27 a 4.96 ± 0.07 b 6.49 ± 0.06 a ↑
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observed through the subcultures seems to indicate that the
NH4
+-N concentration of 882 μM (AMO) may be close to
the tolerance level for this A. carterae strain. As a result of
the NH4
+-N-related toxicity, the kinetic parameters for subcul-
ture 3 were clearly abnormal. Both μmax and P
c;b
Bmax had neg-
ative values due to the disappearance of cells over the culture
time (AMO in Table 2). The Fv/Fm declined by nearly 70%
compared to subculture 1, suggesting that the photosynthetic
capacity was negatively affected by the NH4
+-N concentration
used. The detrimental effect of ammonium-N on microalgal
photosynthesis remains a complex matter. Even though sev-
eral mechanisms have been proposed for explaining the toxic
effects of ammonium-N in microalgae, the primary target of
ammonium-N damage in the photosynthetic machinery is still
to be identified. Recent advances point to ammonium-N
directly inducing photodamage to PSII, and affecting PSI,
the electron transport chain and the oxygen-evolving com-
plex; this last one being the main site of damage.
Accordingly, a feasible working model of ammonium-N com-
petition between N assimilation and PSII damage is able to
convincingly interpret cell tolerance to ammonium-N toxicity
(Wang et al. 2018).
The significant concomitant increase in VC and side scatter
(SS) was indicative of aberrant cell forms (as confirmed by
optical microscopy). The extremely high values of FL1, FL2,
and FL3, compared to the CTRL, revealed a marked increase
in cell pigments. This is consistent with the increase in the
chlorophyll a cell quota, based on biovolume, reported for
the dinoflagellate G. sanguineum grown in ammonium-N
rather than a nitrate-N culture (Levasseur et al. 1993). It is
Table 4 Progress of the acclimation of Amphidinium carterae to
different ammonium concentrations in the presence of 882 μM nitrate
over three subcultivations (1, 2, and 3). Experiments AMO1 to AMO4
are coded in Table 1. The kinetic parameters were measured in broth
samples taken at the end of every subculture. Data points are averages
along with their standard deviation for duplicate cultures. Values denoted
by a different lowercase letter at each point, for the same kinetic
parameter, differ significantly at p < 0.05 in the one-way ANOVA (de-
grees of freedom = 5). The T column represents the direction of shift of
every kinetic parameter in the acclimation process. Vc average cell
volume, μmax maximum specific growth rate, CcBmax maximum cell con-
centration, CbBmax maximum biomass concentration expressed as dry
weight, PcBmax maximum cell productivity, P
b
Bmax maximum biomass pro-
ductivity expressed as dry weight, Fv/Fm maximum photochemical yield
of photosystem II, FL1,2,3: cell fluorescence intensities measured by the
photomultiplier detectors FL1, FL2, and FL3 of the flow cytometer, SS
side scatter of the cells (the symbol –means that there were no cells left at
the end of the subculture)
Parameter AMO1 AMO2
1 2 3 T 1 2 3 T
VC (× 10
3), μm3 2.76 ± 0.11 a 2.81 ± 0.20 a 2.89 ± 0.12 a ↔ – – – –
μmax, day
−1 − 0.30 ± 0.15 a − 0.35 ± 0.08 a − 0.26 ± 0.06 a ↔ − 0.60 ± 0.01 a − 0.60 ± 0.00 a − 0.58 ± 0.01 a ↔
CcBmax (× 10
5), cells mL−1 0.09 ± 0.03 a 0.09 ± 0.00 a 0.10 ± 0.02 a ↔ – – – –
PcBmax (× 10
4), cells mL−1 day−1 − 0.31 ± 0.06 b − 0.51 ± 0.03 a − 0.51 ± 0.04 a ↓ − 0.28 ± 0.08 a − 0.46 ± 0.00 a − 0.42 ± 0.00 a ↔
CbBmax, g L
−1 < 0.01 ± 0.00 a < 0.01 ± 0.00 a < 0.01 ± 0.00 a ↔ – – – –
PbBmax (× 10
−2), g L−1 day−1 − 0.03 ± 0.02 a − 0.04 ± 0.01 a − 0.04 ± 0.02 a ↔ − 0.05 ± 0.01 a − 0.05 ± 0.02 a − 0.07 ± 0.00 a ↔
Fv/Fm 0.39 ± 0.03 a 0.38 ± 0.01 a 0.29 ± 0.12 a ↔ – – – –
FL1 (× 10−3), a.u. μm−3 79.37 ± 11.83 a 83.68 ± 11.26 a 85.96 ± 3.31 a ↔ – – – –
FL2 (× 10−3), a.u. μm−3 53.84 ± 9.37 a 56.91 ± 10.62 a 58.88 ± 2.54 a ↔ – – – –
FL3 (× 10−3), a.u. μm−3 30.52 ± 2.56 a 29.20 ± 0.37 b 29.61 ± 4.84 a ↔ – – – –
SS 11.68 ± 0.75 a 12.27 ± 0.18 a 12.58 ± 0.70 a ↔ – – – –
Parameter AMO3 AMO4
1 2 3 T 1 2 3 T
VC (× 10
3), μm3 – – – – – – – –
μmax, day
−1 − 0.68 ± 0.11 a − 0.70 ± 0.11 a − 0.66 ± 0.10 a ↔ − 0.60 ± 0.14 a − 0.62 ± 0.05 a − 0.59 ± 0.14 a ↔
CcBmax (× 10
5), cells mL−1 – – – – – – – –
PcBmax (× 10
4), cells mL−1 day−1 − 0.42 ± 0.05 b − 0.46 ± 0.00 b − 0.42 ± 0.00 a ↔ − 0.30 ± 0.02 a − 0.39 ± 0.06 a − 0.35 ± 0.06 a ↔
CbBmax, g L
−1 – – – – – – – –
PbBmax (× 10
−2), g L−1 day−1 − 0.07 ± 0.01 a − 0.05 ± 0.02 a − 0.07 ± 0.02 a ↔ − 0.06 ± 0.01 b − 0.04 ± 0.00 a − 0.03 ± 0.01 a ↔
Fv/Fm – – – – – – – –
FL1 (× 10−3), a.u. μm−3 – – – – – – – –
FL2 (× 10−3), a.u.μm−3 – – – – – – – –
FL3 (× 10−3), a.u.μm−3 – – – – – – – –
SS – – – – – – – –
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unknown whether this chlorophyll a increase is a response
associated with the PSII repair mechanism boosted by
ammonium-N toxicity, as one might hypothesize from the
Wang model (Wang et al. 2018).
Experiments with increasing NH4
+-N concentrations
(AMO1 to AMO4 in Table 4), maintaining an 882 μM
NO3
−-N concentration in the culture medium, were also dom-
inated by pronounced NH4
+-N toxicity. With NH4
+-N at
1000 μM (AMO1), the three subcultivations responded in a
similar way to subculture 3 of AMO (882 μM, Table 2). None
of the kinetic parameters changed significantly between sub-
cultures (p < 0.05), thus indicating acclimation from subcul-
ture 1. The interactive effect between NO3
−-N and NH4
+-N
could not be properly evaluated due to the severe NH4
+-N
toxicity experienced by the subculture 1 cells. Nevertheless,
it has been reported for A. carterae that adding a 250 μMnon-
toxic NH4
+-N concentration to a culture grown at 880 μM
NO3
−-N brings about rapid and almost complete inhibition
of NO3
+ uptake (Dixon and Syrett 1988b). As a general rule,
dinoflagellates prefer to take up NH4
+-N at subtoxic levels in
the presence of various different N sources (Dagenais-
Bellefeuille and Morse 2013). At NH4
+-N concentrations
above 1000 μM (AMO2 to AMO4), the severity of NH4
+-N
damage was such that there were no cells left at the end of any
of the subcultures (see Table 4).
Ammonium toxicity in marine microalgae has been asso-
ciated with the effects of both unionized ammonia (NH3) and
ionized ammonium (NH4
+). However, it is complicated to
measure these forms separately so current chemical proce-
dures measure both forms as total ammonia (NH3 + NH4
+).
Apparently, the NH3 form is considered the most toxic be-
cause it is readily lipid soluble and crosses cell membranes
passively. Thus, toxicity at pH values ≥ 9 is almost solely
attributed to NH3 since its concentration increases markedly
as pH increases; whereas at pH values ≤ 8, any toxicity effects
are more likely associated with NH4
+ rather than NH3
(Erickson 1985). As mentioned in the M&M section, the pH
of NH4Cl cultures remained at around 8. Therefore, the main
contribution to inhibition is likely attributed to NH4
+; never-
theless, NH3 should not be discarded because, despite being
present in a much smaller proportion, its toxicity is greater.
Indeed, cultures were carried out without agitation and bub-
bling, conditions that minimize NH3 desorption to the atmo-
sphere, and favor NH3 retention in the broth. The observed
low tolerance level of A. carterae to NH4
+-N relative to the
CTRL (NO3
−-N) is in line with the results reported in the
literature for dinoflagellates. As reported recently (Collos
and Harrison 2014), this group of microalgae is the least tol-
erant compared to the other five microalgae classes
(Chlorophyceae, Cyanophyceae, Prymnesiophyceae,
Diatomophyceae, and Raphidophyceae), with an average am-
monium concentration threshold of 1200 μM, close to the
882 μM concentration used in AMO (Table 1). However,
the few existing studies on A. carterae have reported contra-
dictory results. On this matter, tolerance was reported for a
different strain (A. carterae Hulburt) at 882 μMNH4
+-N with
growth similar to that of the 882 μM NO3
−-N control (Dixon
and Syrett 1988b). In contrast, the same authors reported a
much lower NH4
+-N concentration threshold, as low as
143 μM (Dixon and Syrett 1988a). The differences were not
justified nor was the prior acclimation to NH4
+-N mentioned
in either study.
Figure 1 a displaysCcB=C
c
Bo versus time for AMO (882 μM
NH4
+-N as the sole nitrogen source) compared to the CTRL
(882 μM nitrate as the sole nitrogen source) corresponding to
subcultures 3. Growth inhibition in AMO was evident before
day 4; afterwards, toxicity gave rise to significant cell decay.
This contrasts with the previous subculture 2, where a lag
phase of several days was established without affecting cell
survival and coming right after a short exponential growth
phase (data not shown). Moreover, the growth kinetics of
AMO subculture 1 were similar to the CTRL (data not
shown). Such progressive AMO acclimation allows us to
clearly illustrate the impact that the choice of a single first
subculture would have on interpreting acclimatization to
AMO. Studies on long-term microalgae acclimation to nitro-
gen sources are generally scarce, particularly with ammonium
and dinoflagellates. Nevertheless, long lag phases in cells ac-
climated to NH4
+-N have been previously observed in cul-
tures with non-dinoflagellate microalgae such as Chlorella
vulgaris (Przytocka-Jusiak et al. 1977). In contrast, short-
term transient responses of algal cells to a pulse of ammonium
over a few hours are well-documented for microalgae, includ-
ing dinoflagellates (recently reviewed by Collos and Harrison
(2014)). The few dinoflagellate species studied also showed a
lag period for ammonium uptake, as in AMO subculture 2,
with high interspecific variability; this was surprisingly not
related to the assayed NH4
+-N concentrations observed in
AMO2 to AMO4 (see Table 3). The severe NH4
+-related tox-
icity observed above 1000μMprevented lag phases to form in
AMO2 to AMO4 (Fig. 1b).
Acclimation to urea
The results from the URE treatment (see Table 2 and Fig. 1a)
indicate that A. carterae could efficiently assimilate urea as
the sole N source and achieve growth rates and photosynthetic
capability comparable to the nitrate control (CRTL). To the
best of our knowledge, this is the first time that growth sup-
ported by urea-N has been reported for species of the
Amphidinium genus. Acclimation to urea was evident.
Kinetic parameters, except for μmax, Fv/Fm, and SS, changed
significantly (p < 0.05) from the first subcultivation. The shift
direction (T in Table 2) in the values for a group of parameters
(Cc;bBmax, P
c;b
Bmax, FL1, FL2, and FL3) descended from the first to
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second subcultivation and acclimation was confirmed in the
third subculture while VC increased and did not achieve an
acclimation value. Compared to the control (CTRL), three
groups of parameters could be statistically distinguished in
subculture 3: (i) those that remained constant (μmax and SS);
(ii) those that increased (p < 0.05) (VC and Fv/Fm); and (iii)
those that decreased (p < 0.05) (Cc;bBmax, P
c;b
Bmax, FL1, FL2, and
FL3). The diminished values of CcBmax and P
c
Bmax relative to
the CTRL were mostly compensated for as consequence of
larger cells in UREA (Vc was almost 3-times higher); howev-
er, this was insufficient to equal the biomass dry weight yield
(i.e., CbBmax ). The scenario is compatible with an N quote in
the cells that is higher under urea-replete conditions (URE)
than under nitrate-replete condition (CTRL). This hypothesis
is supported by recent studies where the impact of high urea
bioavailability on C:N stoichiometry and the sensitivity of
urea transporter gene expression to urea availability have been
documented for dinoflagellates (Jing et al. 2017).
The decrease in FL1,2 and 3 indicated a lower cell pigment
content compared to the CTRL. This is in line with the Chla
cell quota reduction reported for other dinoflagellates grown
in urea rather than nitrate (Levasseur et al. 1993; Abadie et al.
2015). In the past, it was speculated that this urea-induced
decrease in Chla quotas, shared by other microalgae, may
reflect a N-limited status in the cells (Levasseur et al. 1993).
Since the CTRL experiment had the same nitrogen concentra-
tion but in the form of nitrate, this explanation seems inade-
quate, as demonstrated by recent studies highlighting the com-
plexity of N metabolism in dinoflagellates (Dagenais-
Bellefeuille and Morse 2013). However, as urea provided in
the UREA experiment contained 20% organic carbon,
mixotrophic nutrition may have been feasible. This is support-
ed by the fact that Fv/Fm was higher in UREA (see Table 2) as
reported for other dinoflagellates in terms of Chla-specific
fluorescence yield when grown with urea (Levasseur et al.
1993). In general, mixotrophically grown microalgae produce
much lower chlorophyll levels compared to those grown un-
der photoautotrophic conditions, whereas carotenoids produc-
tion is hardly affected at low irradiances (Azaman et al. 2017).
Table 3 collects the results obtained in the experiments with
increasing urea-N concentrations in the presence of 882 μM
NO3
−-N (URE1 to URE4). Most of the kinetic parameters
achieved acclimation values after the second subculture. A
few remained constant (VC, μmax, Fv/Fm, and SS) in all the











































































Fig. 1 Variation in CcB=C
c
Bo
versus culture time for the third
subculture of each treatment, the
kinetic parameters of each are
displayed in Tables 2, 3, and 4.
Experiments are encoded in
Table 1. Solid and dashed lines
show Eq. (1) predictions.
Experimental data are given as the
average of the duplicate cultures ±
SD. The nitrogen sources are a a
sole N-source (nitrate, ammoni-
um, or urea); b nitrate and am-
monia; and c nitrate and urea; d
nitrate, ammonium, and urea
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parameter levels for all the urea-N concentration subcultures
assayed were closer to those determined in the CTRL (with
only nitrate as the N-source) than those in URE (with only
urea as the N-source), particularly the FL1–3 values. The
growth curves for CcB=C
c
Bo versus time in Fig. 1c evidence
the high tolerance to urea shown by A. carterae. The highest
μmax value (p < 0.05) was determined in URE4 at the maxi-
mum urea concentration.
The higher FL1–3 values in URE1–4 compared to URE
suggest a simultaneous urea-N and nitrate-N uptake. Evidence
of this can be seen in Table 5. It displays the removal efficien-
cies of urea-N (Γurea) and nitrate-N (ΓNO−3 ) on the basis of
measurements of their concentration in the supernatants of
URE1–4 as described in the “Materials and methods” section
(Table 5 only includes those treatments for which acclimation
was attained in the subcultivation 3). Γurea varied from 7.4 to
14.6%, whereas the ΓNO−3 values were significantly higher,
ranging from 26.0 to 37.4%. It is, thus, shown that
A. carterae had more affinity for nitrate than for urea. In fact,
the nitrate-N uptake was inhibited by urea-N when the second
one was four times or more superior to the first one: 5.34 urea-
N mg L−1 vs. 4.44 nitrate-N mg L−1 were removed in URE3
and 10.22 urea-N mg L−1 vs. 3.21 nitrate-N mg L−1 in URE4.
Therefore, the ability of A. carterae to simultaneously remove
nitrate and urea dissolved in a culture medium is
demonstrated.
Interactions between concurrent uptakes of different nitro-
gen sources by dinoflagellates are not yet completely under-
stood. As mentioned above, ammonium is known to inhibit
nitrate and urea uptake but scant information concerning the
effects of urea on nitrate uptake is available. An exception is a
recent study carried out on the dinoflagellate Prorocentrum
minimum (Matantseva et al. 2016). In that work, the simulta-
neous uptake of urea-N and nitrate-N was demonstrated for
the first time in a dinoflagellate. Nitrate-acclimated
P. minimum prevalently also consumed urea-N over the con-
current NO3
−-N when these nutrients were simultaneously
present in the culture medium. Nitrate-N uptake was also
inhibited in the presence of urea-N concentrations well above
the urea-N to nitrate-N ratio of 1. In our experiments, this ratio
ranged from 1.1 (URE1) to 5.9 (URE4). In any case,
P. minimum also consumed nitrate-N in the presence of urea-
N (Matantseva et al. 2016). In fact, adding urea increased the
total-N uptake by P. minimum compared to using nitrate as the
sole nitrogen source (i.e., without urea). It was suggested that
the enzyme urease, present in the transcriptome of
P. minimum, hydrolyzed urea to produce two ammonium ions
for every urea molecule according to the urease reaction stoi-
chiometry (Matantseva et al. 2016). As such, the ammonium
quota in the cells growing in urea may have been theoretically
high, resulting in ammonium-mediated inhibition of the ni-
trate uptake. However, this hypothesis is not supported by
our results with ammonium-N because the A. carterae toler-
ance to this N-source clearly seems to be below 882 μM (see
below), far from the 5000 μM of urea-N tolerated. A mecha-
nism regulating enzymatic conversion in the cytosol may be
involved in the case of urea in ammonium at non-toxic levels.
Concurrent acclimation to the three N-sources
The effect of concurrent uptakes of the three nitrogen sources
on the acclimation response of A. carterae was explored
through the experiments NUA1–4 described in the Table 1.
The nitrogen concentrations used in NUA1–4 in the form of
NO3
−-N and urea-N were below those applied in URE1–3 for
which deleterious effects were not observed (see results in the
“Acclimation to urea” section). In addition, the total nitrogen
concentration in NUA1–4 did not exceed those of URE1–3.
Accordingly, the supply of NH4
+-N was the main explanation
for the effect observed on the kinetics parameters correspond-
ing to NUA1–4 (see Table 6). In this sense, the growth inhi-
bition in NUA1–3 observed in Fig. 1d revealed also NH4
+-N-
related toxicity in this experiment where the NH4
+-N concen-
tration was equal or higher than 441 μM. The toxicity was
such that, at the end of the third subcultivation or there were
no cells left (NUA1–2 in Table 5) or the cells continued to
disappear (NUA3 in Table 6). In general terms, the effect of
NUA1–3 on the kinetic parameters was similar to that
discussed above related to the acclimation to ammonium in
presence of nitrate (AMO1–4).
Table 5 Nutrient removal efficiency (Γ, %) and P-molar formula of A. carterae biomass in those treatments where acclimation was attained in
subcultivation 3. Data points are averages along with their standard deviation for duplicate cultures
Treatment ΓNO−3 (%) Γurea (%) ΓNHþ4 (%) ΓNT (%) ΓPT (%) P-molar formula
CTRL 53.2 ± 2.1 – – 53.2 ± 2.1 62.2 ± 2.4 C39.3 O22.9 H72.8 N3.8 S0.2 P1
URE – 49.6 ± 3.4 – 49.6 ± 3.4 74.2 ± 1.8 C40.5 O17.0 H70.1 N5.5 S0.2 P1
URE1 34.2 ± 3.4 12.6 ± 1.2 – 22.7 ± 2.2 61.2 ± 3.1 C32.1 O17.7 H56.7 N3.4 S0.2 P1
URE2 37.4 ± 7.4 7.4 ± 3.5 – 16.6 ± 4.7 60.0 ± 3.6 C32.6 O15.6 H58.3 N4.1 S0.2 P1
URE3 36.0 ± 3.0 10.9 ± 7.4 – 16.0 ± 5.3 66.7 ± 3.4 C41.4 O22.5 H73.2 N6.8 S0.2 P1
URE4 26.0 ± 5.0 14.6 ± 2.5 – 16.3 ± 1.3 68.7 ± 3.4 C30.2 O14.4 H59.4 N7.9 S0.2 P1
NUA4 50.8 ± 2.9 16.9 ± 4.4 87.0 ± 1.4 37.0 ± 3.3 63.4 ± 4.4 C44.6 O21.7 H78.8 N6.3 S0.2 P1
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Acclimation for the most of kinetic parameters, except for
FL1 and FL3, was only observed in NUA4 (NH4
+-N was
110 μM). This indicates that the tolerance level of
A. carterae NH4
+-N is below 441 μM. On the whole, the
kinetic parameter values for NUA4 were closer to those deter-
mined in URE1–4 (Table 3) where NH4
+-N was absence. The
presence of NH4
+-N inNUA4, although in a proportion as low
as a 5.9% of total nitrogen added, increased slightly the values
FL1–3 compared to URE1–3. This was characteristic in the
experiments with ammonium (AMO and AMO1) and nitrate
(CTRL) as sole nitrogen sources (Fig. 1 a and b).
Similarly to the experiments URE1–4, the higher FL1–3
values in NUA4 compared to URE also seemed to suggest N
uptake concurrent from the three N-sources present in NUA4.
This is supported by the values of the nitrogen removal effi-
ciencies in NUA4 displayed in Table 5. Results confirmed that
A. carterae is able to simultaneously remove NH4
+, NO3
−,
and urea dissolved in a culture medium. The affinity to the
N-source was observed in that order, which is consistent with
the general response of dinoflagellates at subtoxic NH4+-N
concentrations (Dagenais-Bellefeuille and Morse 2013).
Effect of the nitrogen sources on kinetic parameters
in acclimated cultures
Only the subcultivation 3 of the treatments where acclimation
was attained (i.e., CTRL, URE, URE1–4, and NUA5) were
considered. A one-way ANOVA was performed for each ki-
netic parameter determined in Tables 2, 3, 4, and 6. The
ANOVA analysis decomposed the variance of each kinetic
parameter into two components: one between-group compo-
nent and other within-group component, with 6 and 7 as
Table 6 Progress of the acclimation of Amphidinium carterae using the
three nitrogen sources (nitrate, ammonium, and urea) together in the
culture medium, over three subcultivations (1, 2, and 3). Experiments
NUA1 to NUA4 are coded in Table 1. The kinetic parameters were
measured in broth samples taken at the end of every subculture. Data
points are averages along with their standard deviation for duplicate
cultures. Values denoted by a different lowercase letter at each point,
for the same kinetic parameter, differ significantly at p < 0.05 in the
one-way ANOVA (degrees of freedom = 5). The T column represents
the direction of shift of every kinetic parameter in the acclimation process.
Vc average cell volume, μmaxmaximum specific growth rate,CcBmax max-
imum cell concentration, CbBmax maximum biomass concentration
expressed as dry weight, PcBmax maximum cell productivity, P
b
Bmax max-
imum biomass productivity expressed as dry weight, Fv/Fm maximum
photochemical yield of photosystem II, FL1,2,3 cell fluorescence inten-
sities measured by the photomultiplier detectors FL1, FL2, and FL3 of the
flow cytometer, SS side scatter of the cells (the symbol –means that there
were no cells left at the end of the subculture)
Parameter NUA1 NUA2
1 2 3 T 1 2 3 T
VC (× 10
3), μm3 2.22 ± 0.16 2.83 ± 0.40 – – 1.92 ± 0.10 2.66 ± 0.15 – –
μmax, day
−1 0.39 ± 0.04 c 0.07 ± 0.01 b − 0.47 ± 0.01 a ↓ 0.38 ± 0.02 c 0.09 ± 0.02 b − 0.53 ± 0.08 a ↓
CcBmax (× 10
5), cells mL−1 0.97 ± 0.06 0.70 ± 0.06 – – 1.55 ± 0.14 0.84 ± 0.04 – –
PcBmax (× 10
4), cells mL−1 day−1 0.77 ± 0.06 c 0.46 ± 0.07 b − 0.45 ± 0.02 a ↓ 1.44 ± 0.16 c 0.62 ± 0.05 b − 0.41 ± 0.02 a ↓
CbBmax, g L
−1 0.03 ± 0.00 0.02 ± 0.00 – – 0.05 ± 0.01 0.03 ± 0.00 – –
PbBmax (×10
−2), g L−1 day−1 0.30 ± 0.04 c 0.16 ± 0.03 b − 0.09 ± 0.02 a ↓ 0.48 ± 0.06 c 0.20 ± 0.02 b − 0.10 ± 0.01 a ↓
Fv/Fm 0.50 ± 0.03 0.21 ± 0.01 – – 0.54 ± 0.02 0.31 ± 0.15 – –
FL1 (× 10−3), a.u. μm−3 72.44 ± 6.45 86.93 ± 7.74 – – 47.43 ± 2.23 54.62 ± 5.91 – –
FL2 (× 10−3), a.u. μm−3 19.61 ± 2.28 79.39 ± 3.38 – – 22.77 ± 2.51 44.32 ± 3.28 – –
FL3 (× 10−3), a.u. μm−3 30.61 ± 2.99 33.85 ± 3.54 – – 5.03 ± 1.35 7.95 ± 3.16 – –
SS 5.91 ± 0.42 7.61 ± 0.55 – – 4.48 ± 0.23 8.65 ± 0.49 – –
Parameter NUA3 NUA4
1 2 3 T 1 2 3 T
VC (× 10
3), μm3 1.52 ± 0.25 c 2.14 ± 0.08,b 3.02 ± 0.35 a ↑ 1.09 ± 0.18 a 1.05 ± 0.04 a 1.18 ± 0.14 a ↔
μmax, day
−1 0.37 ± 0.02 b 0.13 ± 0.04 b −0.02 ± 0.01 a ↓ 0.43 ± 0.07 a 0.39 ± 0.01 a 0.41 ± 0.01 a ↔
CcBmax (× 10
5), cells mL−1 5.15 ± 0.19 c 2.74 ± 0.20 b 0.31 ± 0.08 a ↓ 6.79 ± 1.47 a 6.70 ± 0.25 a 4.96 ± 0.28 a ↔
PcBmax (× 10
4), cells mL−1 day−1 5.46 ± 0.21 c 2.69 ± 0.23 b −0.10 ± 0.10 a ↓ 7.16 ± 1.67 a 7.05 ± 0.29 a 5.07 ± 0.32 a ↔
CbBmax, g·L
−1 0.12 ± 0.00 c 0.04 ± 0.00 b 0.01 ± 0.00 a ↓ 0.11 ± 0.02 a 0.14 ± 0.02 a 0.11 ± 0.01 a ↔
PbBmax (× 10
−2), g L−1 day−1 1.30 ± 0.01 c 0.39 ± 0.00 b −0.01 ± 0.00 a ↓ 1.21 ± 0.20 a 1.53 ± 0.23 a 1.16 ± 0.07 a ↔
Fv/Fm 0.57 ± 0.02 c 0.43 ± 0.01 b 0.30 ± 0.02 a ↓ 0.55 ± 0.02 a 0.54 ± 0.02 a 0.54 ± 0.04 a ↔
FL1 (× 10−3), a.u. μm−3 21.10 ± 0.26 b 33.77 ± 3.39 b 75.06 ± 3.85 a ↑ 17.97 ± 0.76 b 19.62 ± 1.05 a,b 24.43 ± 1.68 a ↑
FL2 (× 10−3), a.u.μm−3 13.60 ± 0.51 c 30.51 ± 3.67 b 64.62 ± 4.17 a ↑ 11.57 ± 0.08 a 14.10 ± 0.07 a 21.23 ± 3.89 a ↔
FL3 (× 10−3), a.u.μm−3 14.13 ± 0.73 c 21.82 ± 1.87 b 30.38 ± 1.18 a ↑ 12.02 ± 0.26 a,b 10.86 ± 0.50 b 15.00 ± 1.18 a ↑
SS 4.59 ± 0.04 c 7.57 ± 0.31 b 10.62 ± 0.70 a ↑ 4.16 ± 0.24 a 4.31 ± 0.25 a 4.45 ± 0.02 a ↔
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degrees of freedom, respectively. For μmax (F ratio = 3.46; p =
0.065) and Fv/Fm (F ratio = 1.13; p = 0.433), there is not a
statistically significant difference between the mean value of
the parameter from one treatment to another at the 5% signif-
icance level. The Fv/Fm value averaged for all treatments was
0.557 ± 0.053 and the difference between the absolute maxi-
mum and minimum were about the 26% of the average value.
A similar percentage difference was found in a long-term (>
170 days) culture of the same strain in a raceway
photobioreactor. In respect of μmax, the multiple range tests
determined two homogenous groups: one of them composed
by URE4 (average μmax = 0.56 ± 0.00 day
−1) and the other by
the remaining treatments (average μmax = 0.376 ±
0.053 day−1). No specific reasonwas found for this difference.
Perhaps in part it is related to the low affinity ofA. carterae for
urea as discussed above. Since URE4 contained the same
nitrate concentration as CTRL (882 μM), a fairly high con-
centration of urea (5000 μM) compared to nitrate was needed
to achieve this increase in μmax. At this high urea concentra-
tion with respect to nitrate, it is unknown as A. carterae man-
aged nitrogen metabolism during the exponential phase.
For the remaining kinetic parameters, there was a statisti-
cally significant difference in the mean value of the param-
eter between treatments: CbBmax (F ratio = 23.55; p = 0.000),
CcBmax (F ratio = 22.99; p = 0.000), P
b
Bmax (F ratio = 16.62; p
= 0.001), PcBmax (F ratio = 65.72; p = 0.000), VC (F ratio =
31.16; p = 0.000), FL1 (F ratio = 47.37; p = 0.000), FL2 (F
ratio = 14.49; p = 0.001), FL3 (F ratio = 83.51; p = 0.000),
and SS (F ratio = 37.16; p = 0.000). Although several pairs
of means for each kinetic parameter showed statistically sig-
nificant differences, not all of them were relevant. Particular
attention is drawn to the differences between the treatments
URE (urea as the sole nitrogen source) and NUA (concurrent
presence of the three N-sources, with subtoxic NH4+-N con-
centrations). Regarding CbBmax (g L
−1), the averaged value
was 0.089 ± 0.004 g L−1 with a percentage difference be-
tween maximum (NUA4) and minimum (URE) around 56%
relative to the average value. As the nitrogen and phospho-
rous contained in the culture medium were not exhausted
completely (see Table 5), the maximum biomass capacity
of the different treatments based on the elemental composi-
tion of A. carterae was not achieved. Therefore, the variation
in CbBmax also may be attributed to the different affinity by the
N-source because it determines differences in the growth
rates of the linear phase as discussed below. Likewise, max-
imum values of CcBmax, P
b;c
Bmax and FL1–3 were observed for
NUA4, while the minimum values were provided by URE.
An opposite trend was observed in the cell volume (Vc). The
response of Vc in microalgae seems to generally be linked to
their nutrient storage capacity (Stolte et al. 1994). As it is
also dependent on species and nitrogen source, specific stud-
ies should be conducted to address this issue.
Nutrient removal efficiency and N-balance
Amphidinium carteraewas able to remove different dissolved
inorganic and organic nitrogen sources and phosphorous
(Table 5). Since the culture experiments were first conceived
to study acclimatization, their duration was limited. As result,
total nitrogen and phosphorous removal efficiencies (ΓNT and
ΓPT ) were far from 100%, indicating nutrients were not
exhausted at the end of the culture. This is related with the
appearance of a linear growth phase in the cultures as can be
seen in Fig. 1. A linear growth phase in a batch culture is
established when CO2 and/or light energy consumptions bal-
anced the CO2 and photons transfer (Contreras et al. 1998).
The low light path of the T-flask (less than 40 mm), a con-
trolled illumination and a relatively low maximum cell con-
centration in the cultures assured a sufficiency of light during
the culture. In contrast, CO2 limitation was apparently an issue
during most of the culture period because cultures were static
and not bubbled with air. Thus, atmospheric CO2 diffusion
through culture free surface was the only way for supplying
CO2 to cells. As a consequence, the pH increased over culture
time due to the photosynthetic activity of cells confirming the
CO2 limitation. It is reasonable to infer that the ΓNT and ΓPT
values in Table 5 might be feasibly improved in agitated
photobioreactor cultures of A. carterae (Molina-Miras et al.
2018a, b), since they are operated at a constant pH (usually <
8.5) controlled by automatic injection of carbon dioxide, as
needed. As a result, there was no carbon limitation; linear
phases are thus caused by light limitation and stationary
phases by complete exhaustion of growth limiting macronu-
trients (nitrate and/or phosphate).
Regarding N-balance, the biomass amount harvested in
each treatment listed in Table 5 along with its elemental com-
position allowed us to determine the quantities of the total
nitrogen and phosphorous actually fixed in the biomass.
These values differed from those contained in the culture me-
dium of each treatment (see Table 1) by less than 4% for
phosphorous and a maximum of 20% for nitrogen in URE4.
This lost nitrogen in the N-balance implies the likely existence
of another small sink of nutrients incorporating N and P, the
main candidate being biofouling layer of A. carterae devel-
oped on the surface of the T-flasks. This is in line with similar
observations previously reported in PBR cultures of
A. carterae (Molina-Miras et al. 2018a).
Except for CTRL and URE, nitrogen was apparently in
excess as demonstrated by the P-molar formulas in Table 5,
since cell N:P molar ratios were higher than the N:P molar
ratios in the culture media (see Table 1). This is consistent with
the data of nutrient removal efficiency in Table 5, as all values
of ΓPTwere higher than the corresponding ΓNT ones, particu-
larly in URE1–4 and NUA4.
Since the elemental composition of the biomass varied
slightly among the treatments, although not systematically, a
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weighted average elemental composition of 47.9 ± 0.5 (C %),
32.6 ± 0.4 (O%), 7.2 ± 0.1 (H%), 8.0 ± 0.1 (N%), 0.7 ± 0.1 (S
%), and 3.3 ± 0.1 (P %) was calculated (n = 14) for the whole
biomass obtained. The corresponding average P-molar formu-
la derived from the above average biomass elemental compo-
sition was C37.0 ± 0.5 O18.9 ± 0.2H66.7 ± 0.7N5.3 ± 0.1S0.2 ± 0.1P1,
with the molar ratios C:P = 37.0, C:N = 7.0, and N:P = 5.3.
This average P-molar formula is similar to that recently report-
ed for the same strain of A. carterae (Molina-Miras et al.
2018a). The low variability observed in the P-molar formula
due to effect of the treatments (Table 5) is expected in the
context of the changeability of the macronutrient (C:N:P) stoi-
chiometry associated with both phylogenetic differences and
the growth conditions as discussed in elsewhere (Molina-
Miras et al. 2018a).
Potential use of marine aquaculture effluents
to culture A. carterae
There is great interest in finding microalgae species that effi-
ciently convert the nitrogen, phosphorous, and other dissolved
nutrients contained in aquaculture effluents into valuable bio-
mass. However, any species selected must be able to tolerate,
and simultaneously reduce, the high ammonium, urea, and
nitrate concentrations in the effluents. Concentrations of the
main nutrients in aquaculture systems reported in different
studies are provided in Table 7. Although the presence of urea
was only documented in two of the studies, this did not pre-
clude its presence into the rest of effluents. Apparently, several
microalgae species could be used with a same effluent
(Table 7). However, the characteristics of these effluents
may be species-specific and microalgae of particular interest
should be tested as mentioned in recent revision works
(Milhazes-Cunha and Otero 2017). Regarding the microalga
A. carterae, the combinations collected in Table 1, whose
nutrient concentration levels allowed growth after three
subcultivations, have been distributed through the cases re-
ferred to in Table 7 in function of whether nutrient concentra-
tion levels in a particular effluent are equal or inferior to those
of a particular treatment of Table 1. The assignments revealed
that in an important percentage of the cases the use of aqua-
culture effluents for A. carterae cultivation as a substitute or a
basis to prepare culture media may be feasible.
Although several interesting non-dinoflagellate species
(Milhazes-Cunha and Otero 2017) seem to fulfill the require-
ments above mentioned, none produce high added-value mol-
ecules such as those used in pharmacological applications.
Dinoflagellates, such as the Amphidinium species, which pro-
duce bioactive polyketides such as APDs, may be serious
candidates (Molina-Miras et al. 2018a, b). This is supported
by the APDsmeasurements performed in the biomass harvest-
ed from the treatments included in Table 7. Thus, APDs were
produced in the cultures of the all treatments with a similar
average content in the biomass (0.435 ± 0.038% d.w.). This
absence of significant differences between treatments was ex-
pected since APDs are secondary metabolites that mainly ac-
cumulate in stationary phases because their synthesis is
strongly stimulated when nitrogen and/or phosphorus are
exhausted in the culture medium (Molina-Miras et al. 2018b).
The experimental results presented here show that
A. carterae can acclimate to varied, combined or sole nitrogen
sources over a wide range of concentrations. It is more than
likely that this ability may have been exploited by a species in
this genus (Amphidinium eilatiensis) to bloom in mariculture
ponds, where it survived adapting well to the highly eutrophic
environment and can cyclically tolerate (daily and annual)
fairly wide ranges of abiotic factors (Lee et al. 2003). These
observations were supported by laboratory experiments where
A. eilatiensis endured the following ranges: temperature (20–
32 °C), salinity (20–40‰), pH (6.5–9), and nutrients (NO3
−
100-10,000 μM; NH4
+ 900–2800 μM; phosphorous 50–
500 μM). Amphidinium eilatiensis outgrew faster-growing di-
atom species such as Navicula, Nitzschia, and Amphora (Lee
et al. 2003). These characteristics are probably shared by
Amphidinium strains, including A. carterae, explaining their
abundance in seas and oceans and their cosmopolitan charac-
ter, as cited in the literature (Lauritano et al. 2017), making
them capable of conquering not only the majority of seas and
oceans, but also estuaries and eutrophic coastal areas. The
reasons supporting this are varied; for example, substantial
experimental evidence shows that dinoflagellates can also up-
take particulate and dissolved organic matter (POM and
DOM, respectively) as nutrient sources (Burkholder et al.
2008). Given that effluents from aquaculture ponds contain
high levels of POM (from sludges) and DOM (e.g., backwash
supernatants), A. carterae may contribute to valorizing aqua-
culture backwash wastewaters; this is because one might ex-
pect a growth stimulating effect via mixotrophic or heterotro-
phic nutritional modes from this microalga. Therefore, if the
level of ammonium or ammonia was demonstrated to be in-
hibitory, photobioreactor performance may be enhanced by
pre-treatment of marine aquaculture effluent, either by dilut-
ing it with seawater, mixing it with other nutrients (e.g., in-
dustrial fertilizers) or treating it with industrial adsorbents to
reduce the ammonium concentration.
Open raceway ponds (ORPs) are the preferred microalgae
photobioreactors for treating aquaculture wastewaters because
they need less aeration than the costly mechanical aeration
present in conventional activated sludge systems (Sfez et al.
2015; Li et al. 2019). Long-term robust culture of A. carterae
in ORPs is feasible (Molina-Miras et al. 2018a). The harvested
biomass would need further valorization to be turned into a
marketable co-product. High value valorization pathways
have been recently reported for A. carterae biomass grown
in photobioreactors (Molina-Miras et al. 2018b; López-










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































peridinin, the polyunsaturated fatty acids EPA and DHA, and
polyketide secondary metabolites that exhibit potent antican-
cer, antifungal and hemolytic activities.
Amphidinium carterae seems to be a potential microalga
for consideration in the Integrated Multi-trophic Aquaculture
(IMTA) methodology, a promising alternative strategy for the
log-term sustainability and profitability of the aquaculture in-
dustry (Milhazes-Cunha and Otero 2017; Li et al. 2019). An
A. carterae culture facility could occupy one of the biological
compartments of a marine IMTA, connected to others by wa-
ter streams carrying nutrients. However, it is expected that
long-term unialgal cultures using aquaculture effluents as the
culture medium lead to microalgal-bacterial consortia
(Milhazes-Cunha and Otero 2017). In fact, a photoautotrophic
long-term culture of A. carterae in an ORP with a culture
medium based on the f/2 formulation (nitrate as the N source),
as reported elsewhere (Molina-Miras et al. 2018a), ended up
being unialgal but not completely axenic. To document (for
the first time) the bacterial flora of A. carterae in an ORP
culture, a sample of broth was withdrawn from the ORP after
260 days of uninterrupted culture, and the bacterial commu-
nity was examined using a combination of mass-amplification
of the short DNA sequences encoding 16S rRNA and high-
throughput sequencing, as described in the “Materials and
methods” section. A total of 19 Phylum-level Taxonomic
Categories were identified. The eight most abundant phyla
(according to the percentage of total bacterial sequences) were
the following: Proteobacteria (86.93%), Bacteroidetes
(10.03%), Firmicutes (1.74%), Spirochaetes (0.2%),
Verrucomicrobia (0.2%), Actinobacteria (0.1%),
Planctomycetes (0.07%), and unclassified phyla (0.63%).
The predominant phylum was Proteobacteria as anticipated
for other dinoflagellates (Zhang et al. 2015b). Figure 2 shows
the most prevalent taxonomic categories. The species richness
and the diversity of the bacterial community existing within
the A. carterae sample was in good agreement with recent
results reported for dinoflagellates of the genus Alexandrium
in which the symbiotic bacterial biodiversity depends on the
species (Zhang et al. 2015a). This is consistent with the cell
surface characteristics of A. carterae. It has small, rounded
structures of less than 100 nm that provide an extensive sur-
face area covered by glycocalyx, an adhesive cell-surface coat
to which a perfect habitat for bacterial adherents has been
attributed (Liu and Place 2017). These observations also sup-
port the idea that A. carterae has the potential of being suc-
cessfully cultured with aquaculture effluents since it may de-
velop symbiotic microbial assemblages. In addition, dinofla-
gellates can phagocytize bacteria and a wide range of eukary-
otic prey (Burkholder et al. 2008).
It will be valuable to conduct an interaction study of sym-
biotic bacteria with the host dinoflagellate in the near future.
This could eventually lead to the identification of selective
mechanisms operating in ORPs integrated in IMTA systems,
which favor specific types of bacterial populations.
Fig. 2 Microbial species biodiversity analysis of the symbiotic bacteria of Amphidinium carterae grown in a long-term raceway open pond using nitrate
as the sole nitrogen source, as earlier described (Molina-Miras et al. 2018a). The most predominant taxonomic categories were included
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Obviously, the sources, concentrations and relative amounts
of nitrogen, phosphorous and organic carbon will vary from
natural and artificial laboratory environments, and thus may
also contribute to the in vitro development of bacterial com-
munities dominated by specific taxa.
Future work will be addressed at studying the influence of
environmental conditions and wastewater composition on
A. carterae stability and population density, as well as the
microbial community structure, which in turn may modify
the wastewater treatment capability and synthesis of interest-
ing metabolites.
Conclusions
Amphidinium carterae can acclimate to varied, combined or
sole nitrogen sources over a wide range of concentrations. On
the basis of nitrogen removal efficiency, the affinity of
A. carterae to the N-sources was established in the following
order: ammonium, nitrate and urea. Our results highlighted the
need for better designed laboratory experiments in order to
reduce the variability found in the literature due to acclima-
tion. A. carterae is able to develop symbiotic microbial as-
semblages in long-term robust cultures in pilot-scale open
raceway ponds (ORPs). Since ORPs are the preferred
microalgae photobioreactors for treating aquaculture waste-
waters, A. carterae has the potential to be successfully cul-
tured with aquaculture effluents containing different nitrogen
sources, up to 441 μM of ammonia, and to produce biomass
that is rich in high added-value metabolites such as
amphidinols.
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A B S T R A C T
Amphidinium carterae is a marine dinoflagellate microalga that produces high-value bioactive polyketides such as
amphidinols and amphidinolides, which have remarkable cytotoxic, antifungal and antitumoral activities. This
species also produces docosahexaenoic acid and the carotenoid peridinin as high-value byproducts. The de-
velopment of any sustainable microalgae-based bioprocess must comprise complete valorization of the biomass
and reuse of the exhausted culture medium as much as possible to comply with the circular economy concept. In
this work we have assessed the effect of recycling the cell-free supernatant on the growth kinetics and production
of amphidinols by A. carterae photoautotrophically cultured in a pilot-scale raceway-type photobioreactor in
semi-continuous mode. Acclimation to the recycled medium was first studied on a laboratory scale and was
accomplished in the fourth sub-culture, except for pigment content, which decreased throughout the process. No
measurably negative effect was detected in the cells. Maximum growth rates and cell productivities increased by
60% with use of 75% spent medium, as a result of mixotrophic consumption of the organic carbon present in that
medium, remaining constant thereafter. In the photobioreactor, acclimation took 77 days and was also ac-
complished in the fourth sub-culture, with no negative effects on cell health. Biomass and cell productivities
were higher with the recycled medium than with the fresh medium. Pigments decreased throughout the accli-
mation process, probably due to organic carbon-based mixotrophic growth. Amphidinols and docosahexaenoic
acid biomass contents were not affected by medium recycling, which will significantly improve the economics of
amphidinols production from A. carterae cultures on a circular economy basis.
1. Introduction
Marine dinoflagellate microalgae have been found to be a source of
numerous compounds with fascinating bioactivities [1]. Amphidinium
carterae, for example, produces an interesting group of polyketide me-
tabolites, namely amphidinolides and amphidinols (henceforth referred
to as APDs indistinctly), which exhibit potent anticancer, antifungal
and haemolytic activities, amongst others, and have potential use in
drug design studies [2]. Our previous findings have demonstrated the
possibility of medium- or large-scale production of A. carterae using
simple and scalable processes [3] with integral use of the biomass [4].
As is the case for traditional microalgae production, the bioprocess
should be economically and environmentally optimized using the
biorefinery concept and the conclusions of water footprint studies from
lifecycle analysis [5]. The dinoflagellate biomass produced contains
significant amounts of other high-value compounds with commercial
applications [3], such as carotenoid pigments [6] and fatty acids
[3,7,8], that could be efficiently recovered to improve the economy of
the process [4]. There is also a need to reuse this growth medium to
reduce water and nutrient consumption and residue generation [9,10].
Microalgae cultivation is a water-intensive process in which ade-
quate management of water consumption and losses is required to re-
duce its environmental impact [11]. Since the majority of the water
footprint comes from the cultivation system, the maximum amount of
spent medium must be recovered and recycled for subsequent reuse. In
addition, a large quantity of unused nutrients will be lost if water is not
recirculated into the cultivation system after the harvesting process
[12]. As such, the reuse of cultivation water reduces the costs and en-
ergy associated with pumping input water, adding nutrients, and
treating discharged water [13,14]. Although it has to be replenished
https://doi.org/10.1016/j.algal.2020.101820
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with consumed nutrients [15–18] in a balanced manner [19], medium
recycling can reduce water consumption sixfold and recover 50–100%
of the nutrients [12,20].
It is well known that organic matter (OM) is excreted naturally by
microalgae during growth [21] or suddenly released when cell lysis
occurs [22]. However, this is strongly dependent on the species [13],
culture conditions [23] and growth phase at the time when the biomass
is harvested [24,25]. In the exponential growth phase, excretion is
active and comprises low molecular weight substances, such as small
proteins and peptides [26,27], as a consequence of excess photo-
synthetic capacity [21,28]. In contrast, in the growth deceleration and
stationary phases, high molecular weight species, such as carbohydrates
[26,27] and humic substances (HSs), are excreted due to the growth
limitation of a nutrient or to decomposition of the accumulated biomass
[18,24]. Interestingly, it has been reported that HSs affect dino-
flagellate growth [29], with the response depending on the species
concerned [30]. Thus, a gradual accumulation of OM [21,31] and
counterions [17] occurs in the medium upon recycling, especially in
cultures with high biomass concentrations. In general, harvesting algae
in the exponential growth phase should produce the most suitable
medium for reuse, whereas later phases could more likely cause in-
hibition [13,32]. Algal growth experiments in spent, or conditioned,
media date back to the 1940s [33], with the effects of OM on growth
varying greatly depending on the species and culture conditions. In-
deed, some authors have found that waste products or toxins may ac-
cumulate and affect growth [13,26,34]. When cell growth is inhibited,
cells release larger amounts of dissolved organic matter (DOM), which
may indeed inhibit cell growth if the medium is recirculated [18,32].
The inhibiting substance depends on the species concerned, but fatty
acids, carbohydrates and HSs are the most common [23,26]. Chlorella
vulgaris [33], Nannochloropsis sp. [9,35] and S. costatum [36,37] are
examples of species that release inhibitory substances. Treatment of the
recycled medium with activated carbon, which may retain inhibiting
substances, reduces total organic carbon (TOC) and restores growth
[18]. The presence of particulate matter can also reduce production by
inducing the formation of cell aggregates, which should therefore be
removed [9,38,39]. Furthermore, extracellular products could poten-
tially be a cause and source of bacterial growth, even in controlled
cultivation environments such as closed PBR systems [22]. In contrast,
recent studies clearly demonstrated the feasibility and benefits of water
recycling for the long term reuse of culture media [12,39,40]. Thus,
Tetraselmis [40] and Nannochloropsis [41] could be grown in recycled
medium without any harmful effects. Most studies did not measure OM
or other compounds left over in the recycled medium, which is essential
in order to be able to correlate the concentrations of these compounds
with growth response. More research is also needed to determine
whether mixotrophic growth may help to achieve higher biomass yields
in recycled medium [13]. For example, most marine dinoflagellates are
able to grow in mixotrophic environments [42] by consuming DOM
[43,44], with mixotrophic growth rates usually being higher than
photoautotrophic ones. These microorganisms are also able to store and
take up substantial amounts of various sources of N, which is the major
growth-limiting nutrient [45,46].
In addition to growth, the recycled medium influences biomass
composition and affects the cellular lipid, pigment, carbohydrate and
protein contents in microalgae [10,16,18,22,26,39]. However, as far as
we are aware, only two laboratory scale studies have been conducted
with dinoflagellates. In one of these, the results were inconclusive as no
growth was observed after the first reinoculation [30]. In the other
study, the addition of HSs to cultures at concentrations of the order of a
few milligrams per litre was found to exert a stimulatory effect on
growth rates but not on final cell concentrations [25]. In addition, the
biochemical composition of the biomass was not analyzed. It has re-
cently been demonstrated that valuable products (e.g. APDs, PUFAs and
carotenoids) from A. carterae can be robustly produced in conventional
pilot-scale raceway photobioreactors (RW-PBR) [3] and efficiently
recovered from multi-step processes [4]. Moreover, A. carterae has been
robustly cultured in a RW-PBR for > 170 days in semi-continuous
mode, obtaining high biomass productivities [3]. This paper reports our
evaluation of the influence of medium recycling on the stability, bio-
mass productivity and composition of A. carterae cultured in a pilot-
scale LED-illuminated RW-PBR in semi-continuous mode.
2. Materials and methods
2.1. Microalgal strain and maintenance
Amphidinium carterae strain from the culture collection belonging to
the Plant Biology and Ecology Department of the University of the
Basque Country (Dn241EHU) was used. Inocula were grown in standard
f/2 medium prepared with Mediterranean seawater, except that the
phosphate concentration was increased to 181 μM to achieve an N:P
molar ratio of 5 to prevent growth limitation by this nutrient [3].
2.2. Identification of recycling percentage
The feasibility of recycling the supernatant of an RW-PBR for cul-
turing A. carterae was initially evaluated on a small scale, performing
assays in static T-flasks (ref. 169,900 Nunc. EasYFlask 25 cm2 Thermo
Fisher Scientific) with a culture volume of 50 mL. Flasks were illumi-
nated laterally using multicolor RGBW-LED strips (red, green, blue and
warm white, collectively; Edison Opto Co., Taiwan) arranged horizon-
tally. A 12 h/12 h light/dark (L/D) cycle was used, with an average
irradiance (Iav) at the surface of the flasks of 300 μE m−2 s−1. The
temperature was maintained at 21 ± 1 °C at the flask illuminated
surface. Cell-free supernatant recovered from a RW-PBR after 172
culture days, as reported previously [3], was mixed with seawater in
different proportions (25%, 50%, 75% and 100% v/v). Nitrates and
phosphates were then measured in each case and replenished as re-
quired to achieve the fresh medium formulation (f/2, N:P = 5). The
four resulting medium formulations based on recycled medium (RM)
were filtered through a 0.22 μm pore filter (Sartorius Stedim Biotech;
model. Sartopore 2 Sterile Midicap) for sterilization and removal of
particulate organic matter (POM), then autoclaved. The exhausted
nutrients were then replenished with filter-sterilized concentrated
stocks. Micronutrients were added in all cases, assuming complete
consumption. Fresh medium (f/2, N:P = 5) was used as control. Four
sub-cultures of each growth medium were performed to evaluate pos-
sible acclimation processes. In order to check if the accumulation of
DOM was responsible for the culture responses, the same culture
medium formulations were prepared but with cell-free supernatant
previously passed through a C18 column (Agela Technologies; model.
Flash Column 80 g. 40–60 μm 60 Å) prior to nutrient replenishment.
2.3. Cultivation in the LED-illuminated raceway photobioreactor with
recycled medium
The culture experiments performed correspond to the second phase
of a long-term (> 170 days) culture of A. carterae (strain Dn241EHU),
as reported recently [3], in which the culture medium was freshly
prepared, i.e. non-recycled. The photobioreactor used was a fiberglass
paddlewheel-driven raceway PBR (RW-PBR [3]. The PBR had a surface
area of 0.44 m2 and a culture volume of 33 L. A six-bladed paddlewheel
with flat blades was operated at a rotation speed of 23.1 ± 0.6 rpm.
The system was illuminated using multicolor RGBW-LED strips (Edison
Opto Co., Taiwan) horizontally attached to the back of the flat plastic
(PVC) PBR cover. After seven sets of experiments, the optimal en-
vironmental conditions found were those from SET 7: (i) a sinusoidal
diel variation pattern of irradiance imposed with a maximum irradiance
of 900 μE m−2 s−1, at midday, in a 24:0 h L/D cycle, with a daily mean
irradiance supplied to the culture medium of 573 μE m−2 s−1; (ii) f/
2 × 3 (N:P = 5) as culture medium composition; (iii) repeated semi-
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continuous culture as operation mode.
In the work presented herein, experiments were carried out in the
same RW-PBR under the same conditions described above, but using a
strategy for recycling the exhausted supernatants obtained after cen-
trifugation in each biomass harvesting. Briefly, experiments started
with a 250-day culture broth in the RW-PBR, pure carbon dioxide was
injected on demand via a small microporous gas diffuser placed at the
bottom immediately behind the paddlewheel to maintain the pH at 8.5.
Thermostatted water circulating through a 4.6 m long stainless steel
tubular loop (6 mm inner and 8 mm outer diameters) located at the
bottom of the channels was used to maintain the culture temperature at
21 ± 1 °C.
All culture media were prepared using Mediterranean seawater
(38 psu) and subsequently autoclaved. The reused medium was pre-
pared following the procedure described in Section 2.2. Thus, after
harvesting 75% of the whole culture volume, it was centrifuged at
1000 ×g (RINA model 100 U. 200 SM centrifuge) for cell separation,
filtered through a 0.2 μm filter (Sartorius Stedim Biotech; model. Sar-
topore 2 Sterile Midicap), autoclaved, the exhausted nutrients re-
plenished with filter-sterilized concentrated stock solutions and the
resulting mixture returned to the PBR. Harvesting was carried out once
the cultures entered a stationary phase. The spent medium was sup-
plemented with phosphate and nitrate stock solutions to achieve the
values established (f/2 × 3, N:P = 5) for the whole culture volume.
The remaining nutrients were added in equivalent quantities to those of
the medium formulation selected. Four sub-cultures with recycled-re-
plenished medium were carried out to evaluate the acclimation and
stability of the culture.
Fig. 1 summarizes the strategy followed in the RW-PBR culture. This
strategy started with a repeated semi-continuous culture named SET8 (I
and II) for 77 days, which was performed as described for SET 7 in the
preliminary study (see above) to confirm the robustness of the PBR. The
experiments carried out with recycled medium were named RM1 and
RM2 (see Fig. 1). These two sets also comprised two sub-cultures (I and
II) each. As can be seen in Fig. 1, the cell-free supernatants were used
alternately to allow time for characterization and subsequent prepara-
tion for use. In this sense, RM1-I used the cell-free supernatant from
SET8-I once it had been replenished with nutrients, and the replenished
cell-free supernatant from RM1-I was used in RM2-I. The other se-
quence of recycled culture medium was from SET8-II to RM1-II and
then the replenished cell-free supernatant from RM1-II was used in
RM2-II. The average irradiance inside the culture (Iav), the effective
light attenuation across a cell averaged over the PAR wavelengths (α),
and the effective attenuation coefficient of the microalgal suspension
averaged over the PAR wavelengths (κ) were calculated as described by
Molina-Miras et al. [3].
2.4. Hemolytic activity and amphidinol quantification
It has recently been determined that the biomass from A. carterae
(strain Dn241EHU) contains at least two members of the amphidinol
family, namely amphidinol A and its 7-sulfate derivative amphidinol B
[47]. Their titers were expressed in terms of hemolytic activity of cell
extracts on erythrocytes from defibrinated sheep blood, as described
elsewhere [48]. Briefly, EC50 values for A. carterae (i.e. number of cells
per well giving 50% hemolysis) and a saponin control were calculated
from dose-response Hill curves. Saponin was supplied by Sigma Aldrich
(47036, CAS n. 8047-15-2, Saint Louis, MO, USA) and the corre-
sponding EC50 was 8.5 ± 0.6·106 pg per well. An equivalent saponin
potency (ESP) expressed in terms of pg saponin per A. carterae cell was
calculated by dividing the EC50 for saponin by the EC50 for A. carterae.
Values for the concentration (% by weight) of APDs in the biomass
can be determined from both the ESP values obtained in the hemolytic
assays and the absolute value of the integral of the proton peak at
δH = 5.07 ppm in the 1H NMR spectrum of aqueous solutions of the
NMR standard 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid (TSP, 0.01%
w/w) sodium salt. This determination procedure is based on the work
of Henderson [49], since the NMR signal intensity for a defined region
of the spectrum represents the total number of the respective nuclei
and, thus, the concentration of any substance can be obtained from a
known concentration of a standard substance when their spectra are
obtained under the same conditions [49]. Therefore, the mass of APDs
in the biomass can be obtained from this equation, adapted from
Henderson [49]:









where IR is the signal intensity of the reference compound, IAPDs is the
signal intensity of the APDs, nR is the number of mols of reference
standard used in the determinations, MAPDs is the average molecular
weight of amphidinols A and B (g·mol−1) and mb is the mass of dried
biomass in the sample (g). IAPDs is the signal intensity of the APDs
spectra. This can be obtained from NMR spectra of the cell extracts or
from the correlation recently developed by Abreu et al. [47]:
=I ESP 122.68
0.0002APDs
This correlation is only valid for this A. carterae strain, and elim-
inates the need to acquire complicated NMR spectra for the biomass
extracts.
NMR spectra for the reference standard were recorded using a
Bruker Avance III 600 spectrometer operating at a proton frequency of
600 MHz, as described previously [47]. The spectra were automatically
phased, baseline-corrected, and calibrated to the TSP signals located at
0.0 ppm for aqueous extracts. This signal strength has been considered
to be ideal for the identification and quantification of APDs [47].
2.5. Supernatant characterization
Prior to proceeding with chemical characterization of the super-
natants, POM was removed by filtration through a 0.2 μm-pore filter
(Sartorius Stedim Biotech; model Sartopore 2 Sterile Midicap). The total
DOM in the supernatants was quantified using a TOC analyzer, as de-
scribed by González-López et al. [16]. The soluble carbohydrates (SCH)
released by cells present in the supernatant were determined using the
phenol-sulfuric acid method, with glucose as standard [50]. Proteins
Fig. 1. Schematic description of the culture strategy in the raceway photobioreactor for reusing the exhausted culture medium. SET8 is a semicontinuous culture with
fresh medium and RM1 and RM2 semicontinuous cultures carried out with recycled medium. I and II refer to two consecutive sub-cultures.
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(Prot) and humic substances (HSs) were quantified by fluorescence
emission measurements in a multiplate reader (BioTek, model Sy-
nergyMx). The excitation and emission wavelengths were selected
based on the studies of Kong et al. [51] and Chen et al. [52] and cor-
roborated using the excitation-emission matrices (EEMs) of real su-
pernatants. EEMs were performed as described by Henderson et al. [27]
using the multiplate reader, with 0.22 μm-filtered seawater as blank.
The excitation and emission wavelengths for protein quantification
were 280 and 340 nm, respectively. Bovine serum albumin (BSA)
(Acros Organics, code 134730100) in the range 0–70 mg/L was used as
protein calibration standard. A good correlation was found between
emission intensity (EI) and protein concentration in the range tested
(CProt = 0.0131 × EI, mg·L−1; r2 = 0.999). The excitation and emis-
sion wavelengths for humic species were 350 and 440 nm, respectively.
Humic acid (Ref 53680, Sigma-Aldrich, Spain) in the concentration
range 0–80 mg/L was used for calibration, and a linear relationship was
found between EI and humic acid concentration (CHA = 0.0437 × EI,
mg·L−1; r2 = 0.998). In both cases, 0.2 μm-filtered seawater was used
as blank. Carbohydrate, protein and humic acid measurements were
performed in triplicate for every sample.
2.6. Antiproliferative bioassays
Crude methanol extracts obtained from A. carterae biomass were
used. In the case of supernatants, 24 L of RM2-II supernatant was slowly
percolated through prepackaged reverse phase C18 cartridges (Agela
Technologies; model. Flash Column 80 g. 40–60 μm 60 Å), then the
salts were removed by washing with distilled water. Any organic
compounds adsorbed by the cartridges were eluted with methanol. The
solvent was then evaporated in vacuo, and the organic extract was
freeze-dried to yield 20 mg of dry residue per litre of supernatant.
Antiproliferative assays were performed using these crude methanolic
extracts, as described elsewhere [53,54]. Four human tumor cell lines
obtained from the American Type Culture Collection (ATCC), namely
A549 (ATCC CCL-185; lung carcinoma, NSCLC), HT-29 (ATCC HTB-38;
colon adenocarcinoma), MDA-MB-231 (ATCC HTB-26; breast adeno-
carcinoma) and PSN-1 (ATCC CRL-3211; pancreas adenocarcinoma),
were used. Cell survival was measured after treatment for 72 h.
2.7. Flow cytometric measurements
Flow cytometry was used to quantify the cell number concentration
(N), the average cell equivalent diameter (De), the side scatter (SS)
related to cell composition and complexity; and the average auto-
fluorescence intensity at specified wavelengths [55]. Five measure-
ments were performed per sample and an average value was used. Cell
volume (Vc) was calculated as πDe3/6. All flow cytometric measure-
ments used a CellLabQuanta SC flow cytometer (Beckman Coulter Inc.,
Brea, CA, USA) equipped with an argon-ion excitation laser (blue light,
488 nm). The flow rate was kept at a moderate setting (data
rate = 600 events s−1) to prevent interference between cells.
Autofluorescence of native pigments and morphology of microalgal
cells are good indicators for the acclimation of cells to new culture
environments [56] as these cell responses are closely related to the
pigment content and distribution in cells. As such, cells were excited in
the flow cytometer using a 488 nm argon laser, and mean fluorescence
intensities were measured in three different wavelength ranges (FL1:
525 nm band-pass (BP), FL2: 575 nm (BP) and FL3: 670 nm long-pass),
with each range being characteristic of a group of pigments. The
fluorescence detected by FL3 and FL1–FL2 can be used as a proxy for
monitoring chlorophyll and carotenoid contents, respectively, when
excited at 488 nm [56]. Mathematical relationships between the pig-
ment content in the cell or the effective cell attenuation cross-section
and the FL1, 2, 3 and SS measurements have been reported recently
[55]. For comparison purposes, FL1, 2, 3 intensities were expressed
relative to average cell volume (Vc).
2.8. Other analytical measurements
The biomass dry weight was determined as described previously
[57]. Biomass (d.w.) and cell productivities were calculated in terms of
culture volume (i.e. volumetric values) and occupied area (i.e. areal
productivities). The ratio between the maximum variable fluorescence
(FV) and maximum fluorescence (FM) of chlorophyll (i.e. FV/FM) in cells
was routinely determined as described previously [48]. Phosphate-P
and nitrate-N in supernatants were determined as described in a recent
study [57]. Measurements were carried out in duplicate, and the
average value was used. The NOCHSP elemental composition of the
biomass was determined as published previously [57]. Measurements
were carried out in triplicate. The saponifiable fatty acids (FAs) content
and profile were obtained by direct transesterification and gas chro-
matography (6890N Series Gas Chromatograph, Agilent Technologies,
Santa Clara, CA, USA) as described by Rodríguez-Ruiz et al. [58].
Measurements were carried out in duplicate.
Chlorophylls were quantified spectrophotometrically after extrac-
tion with acetone from the cell dry biomass following the method of
Hansmann [59], with measurements being carried out in duplicate.
Pigments were identified and quantified as described by Molina-Miras
et al. [57]. The carotenoid content and profile in cells were determined
using a diode array HPLC equipment, following the method described
by Zapata et al. [60]. Measurements were carried out in duplicate.
2.9. Kinetic parameters
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where N is cell concentration, C is the concentration of the given che-
mical species, t is culture time. Subscripts f and i refer to final and initial
time of the time interval for calculation, respectively; subscript j refers
to TOC, HSs, Prot or CH; and Nave is the average cell concentration in
the time interval.
2.10. Statistical analyses
Multifactor ANOVAs and non-linear regression analyses were per-
formed using Statgraphics Centurion XVI (StatPoint, Herndon, VA,
USA).
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3. Results
3.1. Optimization of the recycled medium percentage
In this work, the use of recycled medium from the RW-PBR started
with a small-scale acclimation study. A. carterae, maintained over a
long period (> 1 year) with f/2 medium, was subjected to four sub-
culturing steps using different percentages of recycled medium (%RM).
The effect on culture performance and cell health was studied in terms
of the kinetics parameters typically used in microalgal culture studies,
namely maximum cell concentration attained (Nmax), FV/FM, FL1, FL2,
FL3 and SS. The corresponding values are collected in Table 1 for each
sub-culture. Cells from the same original inoculum were cultured in T-
flasks in batch mode with different %RM in duplicate. To determine
whether DOM in the recycled medium had any effect on culture per-
formance, experiments in which the medium was passed through a C18
column prior to culture were also performed (25C18 to 100C18 assays).
To analyze the effect of the factors involved (sub-culture and replicate)
on the variability of the parameters in each experiment in Table 1, a
two-way ANOVA was carried out (values denoted by a different up-
percase for each mean value differ significantly; p < 0.05). No sig-
nificant differences between the two replicates of each experiment were
observed.
Nmax and the values of fluorescence in the FL 1, 2 and 3 channels
were affected by RM% and sub-culture (Table 1). Thus, whereas the
former increased from RM25 to RM100 and stabilized in the fourth sub-
culture, the fluorescence, in general, varied inversely with Nmax, with
significant differences (p < 0.05), and did not stabilize, even in the last
sub-culture. The final cell concentration in RM100 was 60% higher than
the value for the control culture, whilst the FL2 value (the most affected
by %RM) for that %RM was half the CTRL one. In contrast, when the
recycled medium at any percentage was passed through the C18
column, Nmax and FL1, 2, 3 were less affected and found to stabilize by
the third sub-culture. The maximum cell concentration for 100C18 was
32% higher than that for the control. With average values for all
medium compositions and sub-cultures of 0.59 ± 0.02 (n = 72) for
FV/FM and 4.12 ± 0.32 (n = 72) for SS, these variables were not af-
fected by the recycled medium.
Maximum growth rates (μmax), calculated in the exponential growth
phase, and cell productivities (Pcell), calculated from N at the culture
onset and Nmax, were obtained from the time-evolution of the cell
concentrations corresponding to the four sub-cultures for all medium
compositions. Fig. 2 shows these two parameters relative to the control
culture. Relative Pcell shows a slight increase with RM25 and RM50
compared to the control with fresh medium, although there are no
statistically significant differences between these two values. The use of
75% recycled medium (RM75) increased Pcell roughly two- to threefold
compared with the control culture, the value for which was
3.63 ± 0.36·104 cell·mL−1·day−1. The culture in 100% recycled
medium (RM100) did not improve Pcell significantly compared to RM75.
The cultures performed with the C18 treatment are also shown in Fig. 2.
Thus, 25% recycled medium (25C18) had no significant effect on cul-
ture performance compared to the CTRL. Further increases in the per-
centage of spent medium slightly improved Pcell to a similar degree as
for the RM25 culture, with no differences between them. Apparently,
the C18 column retained some of the growth-stimulating substances.
μmax for the control culture was 0.53 ± 0.04 day−1. The relative values
for the other medium formulations followed the same trend as Pcell,
except for 100% RM (which presented a lower value than RM75),
25C18 (which presented a higher value than the control) and 100C18
(which presented a similar value to RM100). The highest value (170%
that of the control) was obtained for RM75.
As centrifugation takes a short time on a laboratory scale, sub-cul-
tures can be performed by sterile centrifugation of the cell broth and
subsequently resuspending the pellet in the selected culture medium in
another flask. On larger scales, however, centrifugation takes longer,
Table 1
Trend in the acclimation of Amphidinium carterae to different recycled medium
percentages (RM%) through four sub-cultures (1, 2, 3 and 4). Control experi-
ments (CTRL) were carried out with fresh f/2 medium (N:P = 5). Experiments
with recycled medium passed through a C18 column prior to culture are named
as %C18. The kinetics parameters were measured in broth samples withdrawn
at the end of every sub-culture. Data points are averages of duplicate cultures,
with errors corresponding to their standard deviation. Values denoted by a
different uppercase letter at each point, for the same parameter, differ sig-
nificantly (p < 0.05) in the two-way ANOVA. Nmax: maximum cell con-
centration; FV/FM: maximum photochemical yield of photosystem II; FL1, 2, 3:
cell fluorescence intensities measured in the FL1, FL2 and FL3 channels of the
flow cytometer normalized to the cell average volume; SS: side-scatter of the
cells. Shaded values indicate that the variable has stabilized, therefore there are
no significant differences with respect to previous and subsequent sub-cultures.
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there is no replacement for the photobioreactor and thus the risk of
contamination is high. On these scales, it is easier to carry out sub-
cultures by removing a percentage of the culture broth and adding the
cell-free supernatant replenished with nutrients afterwards. As such,
75% of the culture broth was removed from the RW-PBR and replaced
with nutrient-supplemented used supernatant. Thus, as 25% of spent
medium remains in the RW-PBR, 100% recycled medium was used for
the culture experiments on a larger scale in the RW-PBR as this resulted
in the highest Pcell and μmax.
3.2. Culture in the RW-PBR
Culture results from the LED-illuminated RW-PBR are displayed in
Fig. 3, which uses the nomenclature of each sub-culture according to
Fig. 1. An average Nmax of around 4.7 ± 0.2·106 cell·mL−1 was at-
tained for the three sets, although the maximum Nmax (5·106 cell·mL−1)
was found for SET8-I using fresh medium, this value being similar to
that reported for a similar experiment (SET 7) [3]. However, the
average Nmax values in RM1 and RM2 were reached more quickly and,
as a result, volumetric and areal cell productivities (Pcell) were 13% and
11% higher, respectively, than for SET8 (see Table 2), although there
were no statistically significant differences between RM1 and RM2. In
contrast, the corresponding biomass productivities (Pb) increased from
SET8 to RM2 (p < 0.05), with the average maximum Pb
(0.039 g·L−1·day−1) in RM2 being 22% higher than the value for SET8.
This was caused by a slightly larger cell size in RM2
(7.84 ± 0.33·102 μm3) than in SET8 (7.04 ± 0.21·102 μm3) (Table 2).
Fv/Fm was highest at the onset of sub-culture, subsequently de-
creasing with increasing culture time in a similar manner for all three
culture sets. The value ranged between 0.56 and 0.69, with an average
value of 0.614 ± 0.030 for the three sets (Fig. 3a). The evolution of Iav
over culture time was very similar in the three sets: peaking at the onset
of every sub-culture when N was lowest and decreasing sharply to a
similar minimum value (always higher than 100 μE·m−2·s−1) in the
stationary phase due to the increased mutual shading between cells (see
Fig. 3b). During the growth deceleration phase, Iav increased slightly
even though N continued to increase as κ decreased over time. As can be
seen from Fig. 3b, α evolves in parallel with Iav, decreasing a few days
after the beginning of each batch to reach a minimum of around
7·10−12 m2·cell−1 in the stationary growth phase. This minimum value
was consistent between sets, whereas the maximum values showed
more variability. The κ value, which directly depends on α and cell
concentration, increased to a maximum in the growth deceleration
phase and decreased at the end of the culture (Fig. 3b). The patterns
described above were in line with those reported previously for this
kind of culture [3].
As can be seen from Fig. 3c, nitrates and phosphates were
replenished in the recycled medium prior to every sub-culture to the
concentrations corresponding to the formulation used in SET8
(2646 μM NO3− and 549 μM PO43−). The evolution of these substances
was parallel and almost coincident in the three sets, being rapidly taken
up by the cells in the first three days of every sub-culture. Nitrates were
completely depleted by the end of the culture, thus indicating a mainly
N-limited growth. Nitrate in SET8 and RM2-II was completely con-
sumed at the onset of the linear growth phase. Close to 5% of the initial
phosphate remained in the medium, although for RM1-I it was ex-
hausted. Initial phosphate (RPo) and nitrate (RNo) uptake rates in the
exponential growth phase, averaged over all sets, were 179 ± 54 and
877 ± 244 μmol L−1·day−1, respectively. However, phosphate was
consumed more rapidly in RM1 and RM2 than in SET8, probably due to
a faster growth in the latter two sets. As such, the maximum RPo and RNo
values (550 μmol P·L−1·day−1 and 2200 μmol N·L−1 day−1, respec-
tively) were found in RM2-II. The corresponding specific initial nutrient
uptake rates (rPo and rNo) followed the same trend, with rPo and rNo
values averaged over all sets at around 0.21 and
0.94 pmol cell−1·day−1, respectively. Nitrate biomass yields (Yb/N)
were statistically identical for all three sets. In contrast, Yb/P differed
between RM1 and RM2 (p < 0.05) as phosphate was depleted in RM2-I
(see Table 2).
The cell volume was not greatly affected upon reusing the medium,
although it was statistically significantly different in RM2 compared to
the other sets (see Table 2), thus implying differences in biomass and
cell productivities (see Table 2).
3.3. Cell-free supernatant characterization
Fig. 4a shows the accumulation of TOC in all sub-cultures. In SET8,
TOC varied similarly for the two cultures carried out with fresh medium
(SET8-I,II), increasing from a minimum value of nearly 18 mg·L−1 at
the onset to a maximum of around 51 mg·L−1 at the end (Fig. 3a). In
RM1, TOC also accumulated from the start to the end of the sub-culture,
although it reached a much higher final concentration (close to
99.5 mg·L−1). As RM1 was set up using the cell-free supernatant from
SET8-I (see Fig. 1), the starting TOC concentration is virtually the same
as the final TOC concentration in SET8-I. In the next three culture ex-
periments, TOC was consumed during the first 3–4 days of culture and
then increased practically reaching the same maximum value
(≥90 mg·L−1). Accumulation rates, AR, for TOC averaged
3.5 mg·L−1·day−1 in SET8, progressively increasing through RM1 to an
average of 7.5 mg·L−1·day−1 in RM2. SARs also varied for the various
sub-cultures (see Fig. 4b). In general, the values decrease in a very si-
milar fashion over culture time, with the exception that they are highest
at the culture onset in SET8-I,II and RM1-I, when the maximum SARTOC
value of 8 ng cell−1·day−1 was obtained. In RM1-II and RM2-I, SARTOC
% Recycled medium
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Fig. 2. Cell productivities (Pcell) and maximum
growth rates (μmax) relative to the control culture as a
function of the percentage of recycled medium with
or without prior treatment on a C18 column. Data
points are the averages of four sub-cultures for each
percentage, and intervals represent 95% confidence
based on Fisher's least significant difference (LSD)
procedure. Values denoted by a different letter differ
significantly. Acronyms correspond to control ex-
periments (CTRL) carried out with fresh f/2 medium
(N:P = 5), experiments with different recycled
medium percentages (RM%) and experiments with
recycled medium passed through a C18 column prior
to culture (%C18).
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increased slightly and then decreased until harvesting time. In contrast,
SARTOC in RM2-II decreased continuously from the start of the decel-
eration phase to harvesting time, and TOC was consumed at an average
CR of 8.3, 6.0 and 16.6 mg·L−1·day−1 during RM1-II and RM2-I,II,
respectively. The maximum SCRTOC of 54 ng·cell−1·day−1 corresponds
to RM2-II.
A comparison between Fig. 4a and c shows that the temporal evo-
lutions of HSs and TOC concentrations are almost parallel, except for
RM1-I. The concentrations of these species in RM1 and RM2 decreased
during the first 3–4 days and then increased, reaching a maximum in
the stationary growth phase. The maximum and minimum HSs values
fluctuated more than for TOC. Thus, the maximum ARHS of
10 mg·L−1·day−1 corresponded to RM1-II, with this value being very
similar to those for the two subcultures of RM1-I and RM2
(~5 mg·L−1·day−1). The HSs values in SET8 were lower
(~3 mg·L−1·day−1). The SARHS values in RM1 and RM2 were similar
(1.68 ± 0.5 ng·cell−1·day−1), whereas for SET8 this parameter dif-
fered between batches, decreasing over time in SET8-I and increasing in
SET8-II. Consumption rates were similar in the first three cultures
carried out with recycled medium (~2.7 mg·L−1·day−1) and higher in
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Fig. 3. Dynamics for sequential culture
of the microalga Amphidinium carterae
in a pilot-scale LED-illuminated ra-
ceway photobioreactor. Temporal
changes in (a) cell concentration (N),
maximum photochemical yield of pho-
tosystem II (FV/FM); (b) average irra-
diance available for the cells (Iav), ef-
fective light attenuation across a cell (α)
and effective attenuation coefficient of
the microalgal suspension (κ); (c) dis-
solved nitrate ([NO3−]) and phosphate
([PO43−]) concentrations in the super-
natant. The vertical dotted lines delimit
the different experimental sets per-
formed. SETs 1–7 correspond to pre-
viously published culture conditions
and strategies [3]. The last two sub-
cultures of SET8 (carried out with fresh
medium) are represented, with SETS
RM1 and RM2 corresponding to two
consecutive semi-continuous cultures
with recycled medium. I and II refer to
two consecutive sub-cultures. Data
points are averages, and vertical bars
are standard deviations (SD) for dupli-
cate samples.
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RM2-II (7.3 mg·L−1·day−1). SCRs decreased over time in RM1 and
RM2, with a maximum of 10.5 ng·cell−1·day−1.
Proteins and carbohydrates accumulate to a lesser extent, especially
the latter, the concentration of which is always below 1 mg·L−1. Protein
concentrations followed an inverse trend to nitrates, TOC and HSs in
the medium, accumulating markedly in the first days of culture.
However, there were some differences between sets. Thus, whereas the
concentrations of these species increased throughout the whole culture
time in the two sub-cultures for SET8, they only accumulated during the
first few days in the remaining sub-cultures, subsequently being con-
sumed until the stationary growth phase (Fig. 4e). There appeared to be
an adaptation effect in protein accumulation, as the maximum con-
centration decreased from the first to the third sub-culture carried out
with recycled medium. The highest value corresponded to RM2-II
(approx. 6 mg·L−1). ARProt ranged between 0.06 for the first sub-culture
of SET8 and 1.28 mg·L−1·day−1 for the second sub-culture of RM2 (see
Fig. 4f), in which nitrates were completely depleted (Fig. 3c). SAR de-
creased steadily in all experiments except for RM1-I, that is the first
subculture in which recycled medium was used (Fig. 4f). SARs ranged
between 1.34 for the first sub-culture of SET8 and 2.57 ng·cell−1·day−1
for RM2-II (Fig. 4f).
3.4. Biomass characterization
3.4.1. Elemental analysis
Table 3 reports the elemental composition of the A. carterae biomass
harvested from the six sub-cultures with averaged data for each con-
dition. As can be seen, the use of recycled medium does not affect the
biomass elemental mass composition to a statistically significant de-
gree. Only N is continuously reduced in the biomass from SET8 to RM2
(~15% reduction). When molar ratios are calculated, C is increased
compared to P and N. Thus, there are statistically significant differences
in the C:P and C:N molar ratios for the biomass harvested in RM2
compared with the other two sets. Apparently, once the cells have ac-
climated to growth in a supernatant with high TOC, they increase their
C content at the expense of reducing N and P. This is also evident when
the biomass P-molar formulas are calculated, with C (32.9 to 38.3), H
(60.7 to 70.8) and O (16.7 to 18.3) increasing from SET8 to RM2.
3.4.2. Fatty acids
Fig. 5a shows the averaged saponifiable fatty acids (FAs) contents
determined for the A. carterae biomass corresponding to culture SETS 8
to RM2. FAs were grouped into three classes, namely saturated (SFAs),
monounsaturated (MUFAs) and polyunsaturated (PUFAs) fatty acids
(Fig. 5a inset). A comparison of the distribution of FA classes between
sets showed no statistically important differences. Thus, PUFAs showed
a slight decrease and SFAs a slight increase, whereas MUFAs were not
affected when the recycled medium was used (i.e. from SET8 to RM2).
PUFAs were the most important group, representing more than the 50%
of all FAs, followed by SFAs, with more than the 30% of the total;
MUFAs always represented < 20% of all FAs (Fig. 5a inset).
Irrespective of the set considered, the majority SFA was 16:0 (PA)
(Fig. 5a). The dominant MUFA was 18:1n9, although it represented
only about 1% of the biomass d.w. and, as such, was included in the
group of minority FAs. The biomass was always rich (in this order) in
22:6n3 (DHA), 18:4n3 (SDA) and 20:5n3 (EPA) (Fig. 5a). Minority FAs
(14:0, 18:0, 18:1n9, 20:1n9 and others) represented < 3.5% of the
biomass d.w. With an average content of ~5% d.w., there were no
statistically significant differences between the DHA content in the
biomass between sets (Fig. 5a), with productivity being highest in RM2
(1.85 mg·L−1·day−1). With regard to PA, the next FA in abundance,
statistically significant differences were found between sets. Thus, the
abundance of this FA was highest in RM2 biomass (~4% d.w.), fol-
lowed by SET8 and RM1. SDA decreased linearly, with statistically
significant differences being found between SET8 (2.6% d.w.) and RM2
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significantly between the three sets. The minority FA content only
differed significantly between SET8 (3.5% d.w.) and RM1 (3.1% d.w.).
The total FA content (FAT) did not differ significantly between sets,
with an average content of 15.9 ± 0.8% d.w. for all sets (Fig. 5d).
3.4.3. Pigments
Fig. 5b displays the cell pigment percentage by biomass dry weight
corresponding to the three majority pigments in the cultures for ex-
perimental sets 8 to RM2 (the data represented in Fig. 5b were calcu-
lated as the average of the two semi-continuous cultures for each set).
Chlorophyll a (Chl-a) was the main pigment, followed by peridinin
(Per) and chlorophyll c2 (Chl-c2), with all samples analyzed also con-
taining diadinochrome, β-carotene, peridininol, diatoxanthin, dinox-
anthin, pyrrhoxanthin and diadinoxanthin, with these representing <
0.7% d.w. (minority pigments in Fig. 5b). There were significant dif-
ferences in the Chl-a content between sets, decreasing linearly from
1.5% d.w. in SET8 to 0.65 d.w. in RM2 (Fig. 5b). The evolution of Per
mirrored that of Chl-a, with a maximum content of 0.95% d.w.
(5.5 mg·L−1) in SET8 and a minimum of 0.4% in RM2-II. Chl-c2, the
least abundant of the majority pigments, also decreased from RM1-I
(0.6% d.w.) to RM2-II (0.12% d.w.) in a statistically significant manner.
The minority pigments followed the same trend as Chl-a.
The total pigment yields, expressed as percentage of biomass dry
weight, differed significantly between the three sets, decreasing almost
linearly from a value of 3.5% d.w. in RM1-I to 1.2% d.w. in RM2-II,
mainly because Chl-a and Per, the main pigments, followed this trend.
3.5. Bioactivity of cell extracts
The hemolytic activity of the cell extracts was used as a proxy for
the APD levels in cells. Fig. 5c shows the average equivalent saponin
potency (ESP) throughout the six sub-cultures. The maximum value of
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Fig. 4. Evolution with culture time of: a) Total Organic Carbon (TOC); b) specific accumulation rate of TOC in the culture medium (SARTOC); c) concentration of
humic substances; d) specific accumulation rate of HSs in the culture medium (SARHS); e) protein and carbohydrate concentration; and e) specific accumulation rate
of proteins in the culture medium (SARProt). SET8 was carried out with fresh medium and sets RM1 and RM2 correspond to two consecutive semi-continuous cultures
carried out with recycled medium. I and II refer to two consecutive sub-cultures within each set. Error bars correspond to standard deviation of two measurements.
Cell concentrations have also been included for clarification purposes. Arrows indicate the substance concentration after dilution with the recycled medium.
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2000 pg·cell−1 corresponds to RM1-II, followed by RM2-II, with no
significant differences between the values for SET8 and RM2. The mass
fraction of the APDs in the cells followed the same trend, ranging from
0.65% to 1.1% (d.w.) for the whole culture time (Fig. 5d). The biomass
harvested from RM2 also exhibited strong antiproliferative activity
(≤80% survival percentage; strong cytotoxic effect) against the four
tumor cell lines used. This is consistent with the hemolytic activity
observed due to the presence of APDs.
Although no haemolytic activities were detected in the supernatants
(1 mg of extract was used in these determinations), before being dis-
charged into the environment, the supernatant of RM2-II must be tested
for the presence of APDs and/or other cytotoxic substances at trace
concentrations. As such, antiproliferative activities were determined
using methanolic extracts of lyophilized samples of cell-free super-
natant from RM2-II. Antiproliferative activities were very high, with no
selectivity between cancer cells, exhibiting 79.7%, 78.4%, 90% and
74.7% growth inhibition for HT29, A549, MDA-MB-231 and PSN1 cell
lines, respectively. As such, APDs may be released by cells into the
supernatants, as reported previously for A. carterae [57].
Table 3
Elemental composition, elemental molar ratios and P-molar formula of har-
vested A. carterae biomass. Values are the average for the two sub-cultures of
each set. The error is the SD of three determinations per sub-culture. Values for
each element percentage with different uppercase letters differ significantly.
SET8 was carried out with fresh medium and sets RM1 and RM2 correspond to
two consecutive semi-continuous cultures carried out with recycled medium.
Elements Experimental SET
8 RM1 RM2
% N 5.5 ± 0.2a 5.2 ± 0.1b 4.8 ± 0.2c
% C 48.7 ± 0.5a 49.3 ± 1.3a 50.2 ± 0.1a
% H 7.5 ± 0.0a 7.6 ± 0.1a 7.7 ± 0.0a
% S 1.0 ± 0.2a 1.3 ± 0.1a 1.3 ± 0.0a
% P 3.8 ± 0.1a 3.6 ± 0.3a 3.4 ± 0.0a
C:P 32.9 ± 0.9b 35.2 ± 1.6b 38.3 ± 0.4a
C:N 10.3 ± 0.5c 11.0 ± 0.6b 12.2 ± 0.5a
N:P 3.2 ± 0.2a 3.2 ± 0.3a 3.2 ± 0.2a





















































































































































































Fig. 5. Characterization of the biomass of A. carterae averaged for values measured in the last day of the two sub-cultures in each experimental set. a) Percentage
biomass dry weight for saponifiable fatty acids and distribution of the three main Fatty Acid (FA) classes (saturated (SFA), monounsaturated (MUFA) and poly-
unsaturated (PUFA)) with respect to total saponifiable FAs. These values have been averaged per set as the variability between sub-cultures was low. b) Percentage
biomass dry weight for pigments. c) Equivalent saponin mass per cell (ESP). d) Percentage biomass dry weight for total saponifiable FAs, total pigments and
amphidinols (APDs). Data are averages of two determinations per sample and vertical bars are standard deviations. Data with different letters between sets for each
species are statistically different at the 95% confidence interval based on Fisher's least significant difference. SET8 was carried out with fresh medium and sets RM1
and RM2 correspond to two consecutive semi-continuous cultures carried out with recycled medium. I and II refer to two consecutive sub-cultures within each set.
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4. Discussion
4.1. Acclimation study on a laboratory scale
The acclimation of inocula to specific conditions different to those
in which they have been growing (e.g. modified culture medium
compositions) is mandatory to obtain robust culture results.
Acclimation is a time-dependent and species-specific process. In addi-
tion, the impact of conditions imposed on growth dynamics depends on
the magnitude and direction of the shifts performed (e.g. type of illu-
mination, nutrient source and concentration, etc.) [61].
Although RM culture from stationary growth phases might result in
the accumulation of inhibitory substances [13], this was not the case
here, as shown by the positive effect of the recycled medium on culture
performance (see Data in Table 1). In this regard, parameters such as
FV/FM and SS clearly indicated healthy dinoflagellate cells in all sub-
cultures, as previously reported for dinoflagellates [55]. The spent
medium could therefore be used at least four times for sub-culturing A.
carterae without any evident deleterious effects. This observation is
consistent with previous results obtained in the same RW-PBR, where
repeated sub-cultures were carried out by replacing different percen-
tages of culture broth with fresh medium without any adverse effect
[3]. A. carterae has not been reported to produce autoinhibitory com-
pounds. Indeed, the stimulatory effect disappeared when RM was
passed through a C18 column.
The decrease in FL1, 2, 3 indicates a lower pigment content in cells
compared to CTRL. This reduction was proportional to the percentage
of RM used, and the values did not stabilize even after four sub-cultures.
As spent medium had a TOC concentration of around 55 mg·L−1, the
initial TOC concentration available to cells for the cultures ranged from
0.34 to 1.38 ng cell−1, corresponding to 25% and 100% RM, respec-
tively. This carbon availability may have stimulated mixotrophic
growth of A. carterae, as usually occurs with photoautotrophic dino-
flagellates [42] and microalgae [13] in the presence of TOC. With some
exceptions, mixotrophically grown microalgae produce much lower
levels of chlorophylls compared to photoautotrophic conditions as less
energy is needed from light [62] and the organic compounds taken up
are usually the final products of photosynthesis [63]. The reduction of
Chl-a cell quota could be caused, although not exclusively, by mixo-
trophic growth, as has also been reported for other dinoflagellate and
non-dinoflagellate microalgae grown [64–66]. Secondary carotenoid
production is barely affected at low irradiances [67].
Culture of non-dinoflagellate microalgae with recycled medium
presents a wealth of cell responses [9,26,35,68,69], which mainly de-
pend on the species [13,27], the number of times the medium is reused
and replenished [13]. In some cases, decreased growth due to accu-
mulation of inhibitors in the culture can be overcome by performing the
cultures under optimal conditions [32]. However, a positive effect of
the recycled medium on cell growth was generally observed. The re-
lease of growth stimulant substances and mixotrophy based on DOM
generated by the cells may explain this [13,34,40,62]. Despite this,
however, the information reported in the literature regarding medium
recycling in dinoflagellates cultures is scarce and not significant. For
example, in laboratory experiments with A. carterae, Dixon and Syrett
[30] did not observe any effect of recycled f/2 medium on cell growth,
although they reported that this medium needed to be supplemented
with nutrients before reinoculation. These authors recycled 100% of the
spent medium, which might explain the lack of growth improvement. In
other cases, the recycled medium contains algogenic organic material
(AOM) that inhibits growth [18].
The results in Fig. 1 clearly show a marked increase in Pcell and μmax
in the RM sub-cultures. The effect on pigments (analyzed using the FL1,
2, 3 values in Table 1) appears to indicate the mixotrophic metabolism
of TOC as the most likely cause, as seen in other dinoflagellates [69]. To
determine whether DOM was responsible for the growth promotion
observed in Fig. 2, the recirculated medium was passed through a C18
column prior to culture to remove the dissolved DOM [18]. As can be
seen in Fig. 2, most of the growth-promoting species present in the
supernatant appear to be retained on the C18 column as most of the
stimulant effect disappears.
The study of acclimation in flasks based on the long-term reuse of
spent medium was successfully accomplished without any quantifiable
cell damage or metabolic inhibition. This strategy allowed us to en-
visage that complete reuse of the spent medium in the RW-PBR was
feasible with A. carterae, at least for four sub-cultures.
4.2. Influence of medium recycling on culture performance in the RW-PBR
Fig. 3a shows a long-term, stable and robust culture of A. carterae in
a traditional RW-PBR. The recycled medium supplemented with in-
organic nutrients (sets RM1 and RM2) did not affect Nmax, but increased
both Pcell and Pb compared with the semi-continuous culture performed
with fresh medium (SET8) (Table 2). Nevertheless, the average Nmax
was more than twice the maximum obtained with this species by Dixon
and Syrett using nutrient-supplemented recycled medium [30]. More-
over, the Pb and Nmax values were around threefold higher than those
for another A. carterae strain cultured in a pilot-scale bubble column
[57]. As observed in the small-scale acclimation study, there were no
growth lag phases in the RW-PBR, and culture evolutions were very
similar between sets, which could be a consequence of replenishing
consumed nutrients [15,16,18]. The FV/FM values, which were in the
range of values typically found for healthy A. carterae cells in the three
sets [55], confirmed the absence of inhibition or toxicity [26,31]. In
addition, the variation pattern for α, and thus for κ, was very similar
throughout the whole culture period. As expected, α began to decrease
a few days after the beginning of each batch, when nutrients clearly
began to limit growth (Fig. 3c). This is because the absorption cross-
sections of microalgae strongly decrease upon nitrogen limitation of
growth by modifying the pigment packaging in cells and/or the abun-
dance of accessory light-harvesting pigments [70]. Growth was not
light-limited since the average irradiance available for the cells (Iav)
was always higher than the photosynthesis saturation value for this
species (56 μE·m−2·s−1) [57].
Nitrate consumption is species-specific when using recycled
medium [31,39]. Indeed, it is well documented that dinoflagellates can
accumulate large amounts of nitrogen inside the cells, thus allowing
growth to continue even when N is depleted in the medium [71]. In
addition to the nitrate accumulated in cells, they can use the proteins
released in the medium as N-source to compensate the low nitrate
availability and continue growing in a mixotrophic mode (Fig. 4e). This
has also been observed with Arthrospira platensis [72]. However, pro-
teins did not fit the cell N-requirements for biomass generation as they
decreased by a maximum of 4 mg·L−1 and biomass increased by
0.3 g·L−1 in RM2-II. In mixotrophic growth, when nitrogen sources in
the medium are depleted, photosynthetic microalgae can utilize in-
ternal cell substances, such as chlorophylls, as nitrogen sources for cell
division [72].
The presence of DOM in the recycled medium seemed to stimulate
mixotrophy in cells and thus improve the culture performance, as has
been observed with other microalgae and dinoflagellates [40,74]. Ac-
climation to mixotrophic growth occurred during four sub-cultures, as
SCRTOC increased to a maximum in RM2. It is well documented that the
presence of organic carbon in the medium stimulates mixotrophy
[40,44], which in turn increases growth rates and biomass productiv-
ities [10,40]. As HSs were clearly the majority species in the DOM, it is
feasible that they are chiefly responsible for the stimulating effects. HSs
are a source of both organic carbon and nitrogen. Although the source
of HSs in microalgae cultures remains unclear, decomposition of cell
debris may be responsible [29]. Amphidinium species are naturally
found in sand sediments [74], where organic matter, including HSs, is
abundant and photoautotrophic Amphidinium strains have been found
to be mixotrophs [75]. HSs have also been reported to be growth
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stimulating compounds for many photoautotrophic dinoflagellates [42]
as they can act as ion transporters [29] and can also be metabolized as
organic substrates in hetero- and mixotrophic growth [25]. However,
HSs can also inhibit growth in a species-specific manner [76].
The improvement in Pcell for RM1 and RM2 relative to SET8 was
only comparable to that observed for the 25% RM experiment on a
small scale (Fig. 2), probably because the initial cell concentrations
were about 20 times higher in the RW-PBR than in the small-scale as-
says (8·105 vs 4·104 cells·mL−1). This aspect shortened the duration of
the exponential growth phase and lowered growth rates (μmax of 0.34 vs
0.53 day−1). In addition, initial irradiance level, nutrient concentration
and TOC cell ratios were lower (~0.05 ng C·cell−1, in other words
about eightfold lower than the 25% RM value on a small scale). As such,
the cultures in the RW-PBR were N-limited and this regulated the
maximum cell concentration. Thus, Nmax was very similar in all sets and
close to the maximum reported previously for this culture system [3].
Acclimation to the recycled medium resulted in a slight increase in cell
volume (Table 2), which increased PBR biomass productivities and
biomass yields relative to N and P.
To the best of our knowledge, this is the first time that a long-term
(> 70 days) culture of a dinoflagellate microalgae such as A. carterae
has been performed using recycled medium, thus resulting in both
higher cell and biomass productivities compared with fresh medium.
Therefore, as suggested by life cycle assessments (LCAs)
[10,14,17,20,77], important quantities of water and nutrients can be
saved by recycling the growth medium, thus resulting in a promising
culture strategy for obtaining economically efficient and en-
vironmentally sustainable A. carterae biomass on a large scale. How-
ever, if the spent medium is to be discharged into the environment, it
must be treated adequately to remove the DOM. This may be a general
strategy for microalgae cultures to prevent eutrophication [10,23] or
growth inhibition [18] in natural waters, but should be mandatory for
species that release bioactive substances into the supernatant, as is the
case for dinoflagellates.
4.3. Influence of medium recycling on the supernatant composition in the
RW-PBR
Relatively large amounts of SOM accumulate in the RM cultures. In
sets RM1 and RM2, for example, the maximum TOC concentrations
were around 100 mg·L−1, which is similar to the value of 70 mg·L−1
typically reported for microalgae [22,23,26]. The evolution of TOC
with culture time is also typical of DOM in microalgae cultures, with
similar trends being observed for the genera Tetraselmis [40], Anabaena,
Microcystis and Scenedesmus [78]. The SARs for TOC, proteins and, al-
though to a lesser extent, HSs decreased with time as ARs tended to
stabilize in stationary phases, as is the case for other microalgae [79].
Relatively large amounts of HSs accumulated in a sub-culture-related
fashion (Fig. 4c). This is probably related to the benthic nature of A.
carterae [74]. Although the maximum HSs concentrations determined
in this work are twice the concentration that inhibited the growth of
Alexandrium tamarense [29], no negative effect was observed with A.
carterae.
Proteins and very minor quantities of carbohydrates accumulated to
a lesser extent. This contrasts with the typical behavior of planktonic
phototrophs [22,26,27,51], for which CH can represent 23–80% of the
TOC in the supernatant [28]. CH excretion may be related to P-lim-
itation (high N:P ratio) [80], although this is not the case in the present
study (N:P = 5). In contrast, the DOM composition in the supernatant
was closer to that typically found for aquatic systems [81].
The presence of N-sources in the medium is necessary for carbon
assimilation by microalgae cells [82], and if nitrogen limits growth
(high C:N in the medium), DOM starts to be generated [32]. Thus, it
was expected that TOC and, especially, HSs would start to accumulate
in the medium, usually at high ARs and SARs in sets RM1 and RM2
(Figs. 3c and 4a,b) once nitrogen started to limit growth. At the onset of
the cultures, when C:N is low, protein release into the medium is sti-
mulated, as was seen previously in other microalgae [28,79]. Cells re-
leased higher amounts of proteins in sets RM1 and RM2 compared with
SET8 (Figs. 3c and 4a), in which the TOC concentration is lower. In
particular, in RM2-II, when nitrate is consumed more rapidly, protein
release is the highest for all cultures (highest SAR) (Fig. 4f).
4.4. Influence of medium recycling on the composition of A. carterae
biomass obtained in the RW-PBR
4.4.1. Biomass elemental composition
The elemental composition was affected by the recycled medium.
Thus, the high carbon concentration in the spent medium stimulated C
consumption (~800 fmol·cell−1·day−1) and accumulation in the bio-
mass at the expense of N and P (increasing C:N and C:P ratios from SET8
to RM2) (Table 3). This C accumulation also increased the N and P
biomass yields, as more biomass is produced per mol of these elements
(Table 2). Nitrate-N in the supernatants was exhausted before phos-
phates even though nitrates were apparently in excess in the medium
(N:P = 5). Nutritional modes, culture conditions and phylogenetic
differences are sources of variability for microalgae biomass elemental
compositions, and significant variations in these ratios from the Red-
field ratio (C:N:P = 160:16:1) [73] have been reported for dino-
flagellates (C:P = 36–166, C:N = 5–11.3 and N:P = 5.5–23) [83]. In
the present study, the only difference between sets was the use of a
recycled medium with a relatively high organic load. This, apparently,
induces a stronger mixotrophic growth, which has been observed to
induce C:N imbalance in the biomass compared to pure photo-
autotrophic growth in microalgae [72].
4.4.2. Saponifiable fatty acids
The FA profile of the A. carterae biomass is in line with data pre-
viously reported previously for the same species grown photo-
autotrophically [84,85]. Medium recycling is sometimes used as a
strategy to increase FA production in microalgae as it contains a wide
variety of organic compounds that promote FA synthesis [12]. How-
ever, with an average of 15.9% (d.w.) and no significant differences
between sub-cultures, this was not the case for A. carterae. The values
presented here are 55% higher than those reported for this species by
Mansour et al. [85]. The FA classes were also different to the values in
the work of Mansour et al., as SFAs represented an average 19% of all
FAs in their experiments whilst the value in this work was around 30%.
This high SFA value occurred at the expense of a lower PUFA content
(55% vs 78%). This difference might be caused by the different culture
systems (Erlenmeyer vs RW-PBR), growth medium (f medium vs f/
2 × 3) and intraspecies variability between two different strains.
Structural FAs (PUFAs) and reserve FAs (SFAs) followed an inverse
evolution from SET8 to RM2, although the change was < 5%. This
variation could be a consequence of N-limited mixotrophic growth, as
nitrate was already consumed before the stationary growth phase.
Accumulation of reserve substances (mainly SFAs and carbohydrates) in
microalgae is a typical response to growth limitation [16,86–88].
However, FA profiles in dinoflagellates are less influenced by medium
composition than in other microalgae [86].
EPA and DHA, the main structural FAs in the chloroplast, can be
affected by light limitation or inhibition of the photosynthetic appa-
ratus [89,90]. As Iav and FV/FM values were virtually the same between
sub-cultures (Figs. 3a,b), variations in the cellular content of these FAs
were not expected. The percentage of PA, which is the main SFA, in-
creased slightly from SET8 to RM2 (Fig. 5a), probably as a result of
mixotrophic growth. The maximum average PUFA and DHA yields of
3.98 and 2.90 mg/L, respectively, were very close to the best values
obtained in the previous sets [3]. A. carterae has been postulated as a
DHA source. As such, the results presented herein are of particular
importance since this species has been shown to withstand several
medium recycles without any measurable effect on DHA production
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over a very long culture period, thus making this strain a robust DHA
source. The DHA content (5%) is very similar to the values obtained
with Aurantiochytrium sp. in heterotrophic culture [91], although in A.
carterae it is a high-value sub-product of APDs.
4.4.3. Pigments
Fig. 5b displays the pigment percentage by biomass dry weight for
experimental sets 8 to RM2. The pigments identified, with Chl-a as
majority and peridinin (Per) as the main carotenoid, are consistent with
the pigment profile for Dinophyta [92]. Per is a primary carotenoid
present only in dinophytes, and is the majority carotenoid in A. carterae
[93]. It is a light-harvesting carotenoid associated with Chl-a in a
protein-based complex [94]. The Per/Chl-a ratios in this work (0.5–83)
fall within the range reported for this species [95].
Medium recycling influenced pigment contents, with a progressive
reduction being observed during the acclimation process. Thus, the
majority pigments (Chl-a, Per and Chl-c2) declined markedly from SET8
to RM2, with Chl-a being most affected. In general, mixotrophically
grown microalgae present lower levels of chlorophylls compared to
photoautotrophic conditions [31,72], whereas carotenoid production is
hardly affected at low irradiances [67]. In addition, the intracellular
concentration of N-containing pigments (Chl-a and Chl-c) has been
observed to decrease in cultures in batch mode in the event of a defi-
ciency of nitrogen and phosphorus [82,96]. Under these circumstances,
cells utilize those pigments as an alternative N-source to maintain cell
division, especially during mixotrophic growth [72]. As mentioned
above, once nitrates have been totally consumed, extracellular proteins
may not provide sufficient nitrogen and cells might use chlorophylls as
alternative N sources. On occasions, a reduction in the chlorophyll
content is concomitant with a change in the structural arrangements of
chloroplasts, thus affecting the performance of the photosynthetic ap-
paratus [65] and α values [72]. FV/FM and α did not differ significantly
between sets (Fig. 2a,b), therefore the efficiency of photosystems was
not appreciably affected. Photoprotective carotenoids are not usually
reduced under mixotrophic growth [72]. Although peridinin might not
have been used as alternative N-source, its cell concentration is linked
to the Chl-a content and, therefore, less of this pigment may have been
generated [66,96].
As there are no alternative, natural non-microalgal sources of
peridinin [3], A. carterae has been recommended as a source of Per for
the production of standards [92]. The Per content achieved herein
ranged from 0.4% to 0.94% of biomass dry weight, which is higher than
the value (0.24%) reported by Johansen et al. [93] for this species [93].
However, it falls within the ranges reported for other dinoflagellates
[93,97]. The maximum peridinin volumetric yield (5.6 mg·L−1), which
was obtained in RM1I, is similar to the value of 4.4 mg·L−1 obtained
previously for this strain in this PBR [3]. As Per is a by-product of the
extraction-purification of APD processed from A. carterae biomass [4],
the culture conditions may have not been optimal for its production,
even though the productivities are comparable to other efficient culture
systems whose main product is this carotenoid. Thus, productivity,
based on the illuminated area, was 421 mg·m−2, which is similar to the
value of 600 mg·m−2 obtained with the dinoflagellate Symbiodinium
voratum cultured in a bench-scale twin-layer PBR (TL-PBR) located in a
greenhouse [97], but lower than the optimized value of
1000 mg·m−2·obtained with that species in an optimized TL-PBR with a
28-day culture period [98].
Medium recycling is, therefore, an attractive and economic strategy
for producing this carotenoid as a high-value by-product of APD pro-
duction from A. carterae cultures in traditional PBRs.
4.4.4. APDs
The hemolytic activity of the cell extracts was used as a proxy for
the APD levels in cells. Fig. 5c suggests that the process of acclimation
to the recycled medium affects APDs, which increase until the RM2-I
sub-culture, subsequently stabilizing at levels similar to those found for
the control SET8 in RM2-II (Fig. 5c). The mean stable EPS value of
around 1300 pg cell−1 is almost threefold higher than that reported for
other strains of A. carterae [57]. These findings demonstrate that high
APD productivities can be obtained from actively growing cells, which
contrasts with previous reports for A. carterae [57]. The average bio-
mass content of APDs was also affected by the acclimation process in a
similar fashion to that for ESP (Fig. 5c,d). The maximum APD yield of
5.4 mg·L−1 was obtained for set RM2.
Samples from the RM2-II supernatant showed essentially no cell
antiproliferative selectivity, although concentrated supernatant extracts
presented strong anticancer activity against the four cell lines used.
Amphidinium strains have previously shown intraspecies variability in
their bioactive profiles, with extracts presenting different cytotoxic
and/or other bioactivities [99,100]. These results confirm the potential
use of the polyketide metabolites generated by A. carterae in the bio-
medical industry.
Moreover, in view of Fig. 5c,d, stable culture in a conventional
photobioreactor using recycled medium may represent a basis for the
medium- to large-scale supply of these compounds under the concept of
circular economy.
5. Conclusions
A. carterae cells have been successfully acclimated to a 100% re-
cycled medium without any measurable damage or inhibition. The or-
ganic carbon load in the spent medium stimulated mixotrophic growth,
and both cell and biomass productivities were higher when using
75–100% recycled medium on a small scale than for control cultures
performed with fresh medium. On a larger scale, only biomass pro-
ductivities improved, whilst maximum cell concentrations were limited
by nitrogen availability. As a result of nitrogen-limited mixotrophic
growth, primary pigment (Chl-a, Per and Chl-c2) cell contents de-
creased upon using the recycled medium up to the fourth sub-culture.
Fatty acids were slightly affected and APDs showed an acclimation
response during the first two sub-cultures with the recycled medium.
Both biomass and supernatant extracts showed strong antiproliferative
activities against four human tumoral cell lines. This is the first study to
report the long-term culture of a dinoflagellate species in a traditional
raceway photobioreactor with recycling the exhausted culture medium.
The robustness and stability of the 77-day long culture of A. carterae
under the circular economy concept makes this species a good candi-
date for the economic production of bioactive compounds with phar-
maceutical applications.
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